Pollution trends in Minnesota lakes : the use of fossil diatoms as paleoindicators of human impact by Ramstack, Joy M.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1999
Pollution trends in Minnesota lakes : the use of
fossil diatoms as paleoindicators of human impact
Joy M. Ramstack
Lehigh University
Follow this and additional works at: http://preserve.lehigh.edu/etd
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Ramstack, Joy M., "Pollution trends in Minnesota lakes : the use of fossil diatoms as paleoindicators of human impact" (1999). Theses
and Dissertations. Paper 631.
Ramstack, Joy M.
,
Pollution Trends
inMinnesota
Lakes: The Use of
Fossil Diatoms as
Paleoindicators of
Human Impact
January 2000
Pollution Trends in Minnesota Lakes:
The Use of Fossil Diatoms as
Paleoindicators of Human hnpact
by
Joy M. Ramstack
A Thesis
. Presented to the Graduate and Research Committee
at Lehigh University
in Candidacy for the Degree of
Master of Science
in
Geological Sciences
Lehigh University
September 8, 1999
" II"

Acknowledgments
I have enjoyed working with my advisor, Dr. Shedlyn Fritz, and would
like to thank her for all of her help and encouragement. My committee members,
Dr. Donald Morris and Dr. P.B. Myers have been extremely helpful and
supportive during my time at Lehigh. Dr. Carl Moses provided useful discussions
on the reconstruction of pH and other log-transformed variables.
Dr. Dan Engstrom and others at the St. Croix Watershed Research Station
in MN obtained the sediment cores and 210PB dates, and compiled the water
chemistry data. Dr. Steve Heiskary and others from the Minnesota Pollution
Control Agency were responsible for obtaining the water-chemistry data. Dr.
Steve Juggins from the University of Newcastle answered many questions about
the statistics.
The Legislative Committee on Minnesota Resources provided funding for
this project.
I would also like to thank my family and my fellow graduate students in
the Department of Earth and Environmental Sciences for all of their help and
support.
III
Table of Contents
List of Tables v
List of Figures VI
Chapter 1. The development of a diatom-based transfer function 1
and its application to recent change
Chapter 2. Documentation of change since European settlement 33
Vita 72·
iv
List of Tables
1.1 Location and size of each of the study lakes and their catchments 6
1.2 Land use as a percentage of the total terrestrial catchment of each 9
study lake
1.3 Modern water-chemistry values for each of the reconstructed 11
variables
1.4 Results of the weighted averaging regression 20
2.1 Location and size of each of the study lakes and their catchments 37
2.2 Land use as a percentage of the total terrestrial catchment of each 41
study lake
2.3 Modern water-chemistry values for each of the reconstructed 43
variables
v
List of Figures
1.1 Ecoregions of Minnesota 8
1.2 Canonical correspondence analysis of the fifty-five study lakes with 19
forward selection of environmental variables
1.3 Change from 1970 to the present for log CI, ANC, pH, log Color, 24
and log TP
1.4 Change from 1970 to the present for the back-transformation of CI, 26
Color, and TP
2.1 Ecoregions of Minnesota 39
2.2 Canonical correspondence analysis of the fifty-five study lakes with 49
forward selection of environmental variables
2.3 Change from 1800 to the present for log CI, ANC, pH, log Color, 53
and logTP
2.4 Change from 1750 to the present for log CI, ANC, pH, log Color, 54
and log TP .
2.5 Change from 1800 to the present for the back-transformation of CI, 55
Color, and TP
2.6 Change from 1750 to the present for the back-transformation of CI, 56
Color, and TP
2.7 Change from 1750 to 1800 for log CI, ANC, pH, log Color, and 59
logTP
2.8 Change from 1750 to 1800 for the back-transformation of CI, Color, 60
andTP
Vi
Chapter 1. The Development of a Diatom-Based Transfer Function and its
Application to R~cent Change
Abstract
Human settlement can have profound effects on ecosystems; however,
historical data generally do not extend back long enough to fully assess these
impacts. Here, we have developed a transfer function to reconstruct Chloride
(CI), Color, acid neutralizing capacity (ANC), total phosphorus (TP), and pH from
modem diatom assemblages in fifty-five Minnesota lakes. The lakes span three
different ecoregions, as well as the Twin Cities metropolitan area, which differ in
their history of settlement and land use, as well as in surficial geology, climate,
and vegetation. Lakes in the Northern Lakes and Forest ecoregion are nearly
pristine, whereas the other regions are strongly affected by urban or agricultural
pollutants.
There has been significant population growth over the last three decades as
well as a focus on surface water quality, such as the Clean Water Act. Since
historical data are limited, we have used this transfer function to reconstruct water
chemistry for the core section, representing c. 1970. The reconstructions of water
chemistry for lakes spanning these different regions suggest that modem land use
practices are having substantial impacts on these lake ecosystems. Chloride
"'
concentrations are increasing in many Metro lakes arid TP levels have been steady
or rising in agricultural regions, suggesting that land use practices in these regions
need to be critically evaluated.
. 1
Introduction
Human impacts on lakes are widespread and range from disturbances
within the watersheds to atmospheric deposition. For example, logging practices
may lead to erosion and the transport of sediments, which are a major source of
nutrients to aquatic systems. Thus, an increase in erosion may accelerate
eutrophication (Spencer, 1991). Road building can also have a significant impact
on sedimentation rates (Engstrom et aI., 1991). In addition, the seepage of road
salts into lake basins can affect mixing and the stability of lake stratification,
which in tum alters nutrient transport into the epilimnion (Smol et aI., 1983). As
areas are settled, municipal wastes can lead to lake eutrophication as a result of
increased nutrient loading. Runoff from agricultural areas is also a source of
nutrient loading; nitrogen and phosphorus are leached from fertilizers and organic
wastes and deposited in lakes. (Henderson-Sellers and Markland, 1987).
Atmospheric deposition can also have a large impact on lakes and increase the
loading of strong acids (Driscoll et aI., 1991) and/or nitrogen (Jassby et aI., 1995).
A large number of monitoring studies of individual or small clusters of
lakes have been carried out (Birks et aI., 1976; Schuette and Bailey, 1980;
Engstrom et aI., 1985; Fritz et aI., 1993). However, with the exception of studies
of lake acidification (Kingston et aI., 1990; Cumming et aI., 1992; Hall and Smol,
1996), there are few studies that address large-scale regional trends in water
quality. Thus, it is generally not possible to evaluate regional patterns of water-
2
quality change or to compare the extent of change attributable to human impact in
regions that differ in their land use histories.
The period since 1970 has been one of dynamic change in North America.
On one hand, intense population growth has the potential to increase stress on
aquatic systems. Yet, recent environmental laws have stressed the need for
cleaner surface waters. For example, the Federal Water Pollution Control Act of
1972, along with the Clean Water Act Amendments of 1977, were aimed at
surface-water quality, with the attempt "to restore and maintain the chemical,
physical and biological integrity of the nation's water." The goal of these acts was
to make the nation's waters "fishable and swimmable" by 1983 (Fetter, 1994).
Because water chemistry data from the 1970s is extremely limited for most
regions, we have used paleolimnological techniques to document changes that
have occurred over the past three decades in part of the Upper Midwestern, USA.
The limited historical data for this region can also be used to test the accuracy of
our paleolimnological reconstructions.
Diatoms (class Bacillariophyceae), which form siliceous cell walls, are
generally abundant and well preserved in lake sediments. They have short
generation times, colonize rapidly, and respond very quickly to changes in their
aquatic environment. In addition, the species are diverse, their ecological
tolerances can be quantified, and they occur in a wide range of lakes and habitats.
Therefore, diatoms are extremely useful in reconstructing past lake conditions
(Charles and Smol, 1994; Charles et aI., 1994). Diatoms have been l.lsed as
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indicators of limnological change associated with changes in land use, such as
forest clearance, farming, and inputs of municipal wastes (Birks et aI., 1975;
Bradbury, 1975; Schuette and Bailey, 1980) and atmospheric deposition (Fritz et
aI., 1989). Modem data sets of environmental and diatom data can be used to
statistically relate diatom assemblages in modem samples to gradients in their
aquatic environments. Transfer functions derived from these modem data can
then be applied to fossil diatom assemblages preserved in sediment cores to
reconstruct conditions in the past. This technique has been applied in the
reconstruction of lakewater pH (Kingston et aI., 1990; Hall and Smol, 1996),
lakewater salinity as a proxy for climate change (Fritz, 1990; Laird et aI., 1996),
and historic trends in water quality (Fritz et aI., 1993; Reavie et aI., 1995a).
Here we have developed a calibration data set from a suite of lakes in
Minnesota and used this' data set to reconstruct water chemistry from core sections
equivalent to c. 1970 in each of the lakes. Nonpoint source pollution is a problem
in Minnesota's aquatic ecosystems as a result of agriculture and urban
development, lakeshore development, and atmospheric pollutants. The fifty-five
lakes that were used in this study range from nearly pristine lakes in the northeast
to those strongly affected by urban and agricultural pollutants in the south. This
range of lakes allows us to assess recent changes in water quality in a variety of
ecosystems. Assessing change in a large number of lakes, from regions with
different land use histories, will enable us to begin to compare the extent of
change attributable to different types of human impact.
4
Methods
Study Area
The lakes in this study represent three of Minnesota's ecoregions:
Northern Lakes and Forests, North Central Hardwood Forests, and Western Com
Belt Plains, as well as the Twin Cities metropolitan region (Table 1, Figure 1).
These regions represent a gradient in vegetation, precipitation, geology, and land
use from the northeast to the southwest portion of the state.
Fifty of the lakes in this study were selected for a previous study on
mercury deposition across Minnesota (Engstrom et al., 1999). For this study, five
additional lakes were added from agricultural regions in the southern portion of
the state (those in the Com Belt Plains ecoregion). The lakes were chosen in a
non-random manner, but they are well suited for this study on nonpoint pollution
trends in that they provide a contrast between nearly pristine systems and those
that have been heavily affected by urban and agricultural runoff.
The Northern Lakes and Forests region is primarily forested, with only
small tracts of land cleared for agriculture and mining (Table 2). There is little
urban development in this portion of the state, however, the shores of some lakes
are lined with resorts and cabins. These lakes tend to be small and deep and are
generally oligotrophic to mildly eutrophic (Tester, 1995; Tables 1 and 3). Most of
the soils in this region are very thin and overlie rock substrates of the Canadian
Shield. Because of the small amount of limestone in this region, these lakes have
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Total Primary
Lake Area Max. Depth Catchment Catchment
Ecoregion County Lake Latitude N Longitude W (ha) (m) (ha) (ha)
Metro Washington Tanners 44 057.00' 92° 58.88' 30.2 13.7 669 669
Metro Washington Carver 44 054.36' 92° 58.83' 19.6 11.0 864 864
Metro Washington Elmo 44 0 59.37' 92° 52.96' 114.6 42.7 2076 569
Metro Washington Square 45 009.40' 92° 48.26' 81.9 20.7 226 226
Metro Washington L. Carnelian 45 0 07.07' 92° 47.79' 46.7 19.2 1854 162
Metro Dakota Dickman 44 051.69' 93 ° 04.74' 9.1 2.4 57 57
Metro Dakota Fish 44 049.35' 93 ° 10.03' 12.5 10.1 1506 106
Metro Dakota Marcott 44 048.95' 93 004.02' 7.5 10.1 251 56
Metro Dakota Schultz 44 047.07' 93 0 07.47' 5.3 4.9 69 18
Metro Ramsey Johanna 45 0 02.43' 93 ° 09.93' 86.4 12.5 1026 228
Metro Ramsey Turtle 45 0 06.22' 93°08.18' 133:3 B.8 180 180
Metro Ramsey Owasso 45 0 02.28' 93° 07.45' 150.9 12.2 423 224
0\ Metro Ramsey McCarrons 44 0 59.85' 93 ° 06.67' 30.1 17.4 412 43
Metro Ramsey Gervais 45 0 01.05' 93 004.30' 94.4 12.5 4028 243
Metro Hennepin Calhoun 44 056.63' 93° 18.79' 168.5 27.4 2515 1236
Metro Hennepin Christmas 44 0 53.85' 93 ° 32.47' 105.7 26.5 189 189
Metro Hennepin Harriet 44 0 55.15' 93 ° 18.58' 138.6 25.0 387 387
Metro Hennepin Little Long 44 056.88' 93 042.47' 21.8 23.2 32 32
Metro Hennepin Sweeney 44 059.44' 93 020.48' ·28.3 7.6 1011 78
Metro Hennepin Twin 44 0 59.52' 93 ° 20.17' 8.7 17.1 33 33
NL&F Itasca (GR) Forsythe 47 0 15.97' 93 ° 36.06' 27.1 3.1 191 191
NL&F Itasca (GR) Snells 47°14.46' 93 040.16' 35.8 15.2 288 288
NL&F Itasca (GR) Long 47°13.63' 93 0 39.39' 54.5 22.9 165 165
NL&F Itasca (GR) Loon 47° 13.95' 93 0 38.42' 92.9 21.0 364 144
NL&F Itasca (GR) Little Bass 47 0 17.05' 93 0 36.09' 64.5 18.9 540 540
Table 1. Location and size of each of the study lakes and their catchments (modified from Engstrom et aI., 1999).
Metro = Twin Cities Metropolitan area, NL&F = Northern Lakes and Forests ecoregion {GR = Grand Rapids, NS =North
Shore, SNF = Superior Nationa1 Forest, and VNP = Voyageurs National Park}, HF = Hardwood Forests ecoregion, and
CBP = Com Belt Plains ecoregion (refer to text for description ofregions).
Total Primary
Lake Area Max. Depth Catchment Catchment
Ecoregion County Lake Latitude N LongitudeW (ha) (m) (ha) (ha)
NL&F Cook (NS) Dyers 47° 31.62' 90 058.79' 27.8 6.1 854 854
NL&F Lake (NS) Tettegouche 47 ° 20.66' 91 0 16.18' 26.7 4.6 103 103
NL&F Lake (NS) Nipisiquit 47°21.31' 91 ° 14.94' 23.7 5.5 298 60
NL&F Lake (NS) Wolf 47°22.61' 91 0 11.58' 13.1 7.3 68 68
NL&F Lake (NS) Bear 47°17.05' 91 020.62' 18.3 8.8 60 60
NL&F Lake (NS) Bean 47° 18.51' 91 0 18.02' 12.5 7.9 64 34
NL&F Lake (SNF) Ninemile 47° 34.55' 91 004.88' 120.3 9.1 209 209
NL&F Lake (SNF) Wilson 47° 40.45' 91 004.53' 257.1 14.9 719 719
NL&F Lake (SNF) Windy 47° 44.13' 91 0 04.31' 184.6 11.9 1705 1464
NL&F Lake (SNF) August 47°45.79' 91 036.37' 76.5 5.8 937 372
NL&F St. Louis (VNP) Shoepack 48 029.82' 92 053.27' 155.4 7.3 1768 1635
NL&F St. Louis (VNP) Little Trout 48 023.72' 92 0 31.63' 107.6 29.0 140 140
NL&F St. Louis (VNP) Locator 48 0 32.47' 93 0 00.34' 54.1 15.9 1489 444
--.l NL&F St. Louis (VNP) Loiten 48 0 31.60' 92 0 55.61' 39.0 14.9 242 242
NL&F St. Louis (VNP) Tooth 48 023.88' 92 0 38.59' 23.6 13.1 151 151
HF Stearns (For) Kreighle 45 0 34.72' 94 028.69' 41.0 17.1 88 88
HF Stearns (For) Sagatagan 45 0 34.47' 94 023.45' 88.7 14.3 252 252
HF Kandyohi (For) George 45 0 14.55' 94 0 59.06' 91.6 9.1 102 87
HF Kandyohi (For) Long 45 0 19.87' 94 0 51.13' 129.8 13.4 363 363
HF Kandyohi (For) Henderson 45 0 13.82' 94 0 59.56' 29.1 12.2 59 59
HF Kandyohi (Ag) Diamond 45 0 11.16' 94 0 51.23' 644.8 8.2 3590 1850
HF Mcleod (Ag) Hook 44 057.21' 94 0 20.47' 133.1 5.5 620 399
HF Mcleod (Ag) Stahl 44 0 57.18' 94 025.24' 54.6 10.7 630 186
HF Meeker (Ag) Dunns 45 0 09.50' 94 025.74' 63.0 6.1 1381 165
HF Meeker (Ag) Richardson 45 0 09.57' 94 0 26.40' 48.3 14.3 1168 1168
CBP Jackson Fish 43 0 50.82' 95 0 02.67' 120.7 8.2 649 649
CBP Faribault Bass 43 049.22' 94 004.67' 75.7 6:1 136 136
CBP Blue Earth Duck 44 013.07' 93 048.89' 116.6 7.6 385 385
CBP Blue Earth George 44 014.02' 93 052.29' 36.2 8.5 54 54
CBP Steele Beaver 43 0 53.52' 93 020.90' 37.8 8.2 71 71
Table 1. Location and size of the study lakes and their catchments (continued).
Twin Cities
/ Metro Region . .
Western Corn Belt Plains
Figure 1. Ecoregions of Minnesota (modified from Tester,
. 1995)
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Agricul- Mean
Road tural Deciduous Mixed Conifer Slope
Ecoregion County Lake Built-up Surface Land Forest Forest Forest Wetland Class
Metro Washington Tanners 79.6 8.0 0.0 2.0 0.0 0.0 9.4 1.8
Metro Washington Carver 52.4 5.7 18.2 11.5 0.0 0.2 5.1 2.1
Metro Washington Elmo 31.1 3.4 42.8 8.7 0.0 0.4 4.1 1.9
Metro Washington Square 14.0 2.3 20.4 43.4 0.0 2.4 3.2 4.3
Metro Washington L. Carnelian 7.7 1.2 41.2 20.1 1.9 1.3 6.3 2.0
Metro Dakota Dickman 38.3 2.2 10.3 24.2 0.0 7.0 0.0 2.9
Metro Dakota Fish 70.6 4.9 8.8 9.0 0.0 1.0 1.1 2.3
Metro Dakota Marcott 20.4 5.7 12.3 33.2 0.0 0.2 1.6 3.3
Metro Dakota Schultz 0.5 0.3 1.0 56.8 0.0 0.5 7.3 2.5
Metro Ramsey Johanna 86.9 8.3 0.0 3.4 0.0 0.0 2.2 1.6
Metro Ramsey Turtle 80.0 2.5 0.0 0.0 0.0 0.0 13.6 1.4
'0 Metro Ramsey Owasso 84.4 5.7 0.0 2.2 0.0 0.0 6.8 1.9
Metro Ramsey McCarrons 82.2 9.3 0.0 5.7 0.0 0.0 2.8 2.0
Metro Ramsey Gervais 80.3 8.0 0.0 3.0 0.0 0.2 5.1 1.7
Metro Hennepin Calhoun 88.1 9.8 0.0 3.4 0.0 0.0 2.0 1.8
Metro Hennepin Christmas 85.6 4.5 2.0 5.2 0.0 0.0 2.0 2.7
Metro Hennepin Harriet 90.5 10.6 0.0 8.2 0.0 0.0 1.2 1.9
Metro Hennepin Little Long 0.0 2.0 18.0 58.0 0.0 0.0 24.0 4.1
Metro Hennepin Sweeney 93.1 1.2 0.0 3.5 0.0 0.0 1.2 2.0
Metro Hennepin Twin 35.8 15.4 0.0 58.3 0.0 0.0 1.6 3.0
NL&F Itasca (GR) Forsythe 0.0 0.9 5.1 45.2 5.1 0.0 11.2 1.4
NL&F Itasca (GR) Snells 0.0 1.2 43.3 18.5 17.1 14.1 4.5 1.3
NL&F Itasca (GR) Long 0.2 1.3 8.5 65.6 6.6 0.0 11.7 2.1
NL&F Itasca (GR) Loon 2.9 1.4 12.3 42.8 13.5 1.4 5.4 1.8
NL&F Itasca (GR) Little Bass 4.7 0.8 10.9 55.9 4.1 1.1 7.7 1.9
Table 2. Land use as a percentage ofthe total terrestrial catchment of each study lake (modified from Engstrom et aI., 1999).
Refer to Table 1 for explanation of region abbreviations.
Agricul- Decid- Mean
Road tural uous Mixed Conifer Slope
Ecoregion County Lake Built-up Surface Land Forest Forest Forest Wetland Class
NL&F Cook (NS) Dyers 0.0 0.7 0.0 30.7 23.2 38.3 6.3 2.4
NL&F Lake (NS) Tettegouche 0.0 0.0 0.0 21.0 75.5 0.0 3.5 3.7
NL&F Lake (NS) Nipisiquit 0.0 0.0 0.0 24.5 52.1 2.8 1.7 3.6
NL&F Lake (NS) Wolf 5.6 0.0 0.0 4.5 87.4 0.0 0.0 3.7
NL&F Lake (NS) Bear 0.0 0.0 0.0 6.3 68.4 25.3 0.0 4.9
NL&F Lake (NS) Bean 0.0 0.0 0.0 22.6 66.6 0.0 0.0 5.3
NL&F Lake (SNF) Ninemile 0.0 0.5 0.0 9.9 42.0 48.1 0.0 2.9
NL&F Lake (SNF) Wilson 0.0 0.0 0.0 0.4 82.9 0.0 3.6 2.9
NL&F Lake (SNF) Windy 0.0 0.3 0.0 0.1 75.8 2.1 7.0 2.2
NL&F Lake (SNF) August 0.0 0.1 0.0 0.0 0.0 91.0 4.0 2.7
NL&F S1. Louis (VNP) Shoepack 0.0 0.0 0.0 0.0 59.8 15.0 20.3 2.2
NL&F S1. Louis (VNP) Little Trout 0.0 0.0 0.0 0.0 0.0 100.0 0.0 3.4
0 NL&F S1. Louis (VNP) Locator 0.0 0.0 0.0 0.0 61.2 22.7 5.5 2.7
NL&F S1. Louis (VNP) Loiten 0.0 0.0 0.0 0.0 87.6 6.3 6.2 3.1
NL&F S1. Louis (VNP) Tooth 0.0 0.0 0.0 0.0 0.0 90.1 9.0 3.6
HF Stearns (For) Kreighle 0.0 1.7 23.0 71.3 0.0 0.0 4.6 2.6
HF Stearns (For) Sagatagan 2.4 1.0 22.0 57.0 0.0 1.6 10.3 2.4
HF Kandyohi (For) George 41.0 1.0 6.7 21.3 3.1 5.9 8.6 2.1
HF Kandyohi (For) Long 16.3 1.1 35.3 26.6 4.5 1.6 9.2 2.3
HF Kandyohi (For)' Henderson 35.7 5.1 27.5 0.0 11.4 0.0 13.3 1.9
HF Kandyohi (Ag) Diamond 4.1 1.2 74.4 5.6 0.0 0.0 9.1 1.8
HF Mcleod (Ag) Hook 2.9 0.6 76.4 5.6 0.0 0.0 7.7 1.7
HF Mcleod (Ag) Stahl 0.0 0.9 57.7 14.5 0.0 0.0 22.4 1.8
HF Meeker (Ag) Dunns 3.4 1.1 72.6 5.4 0.0 0.0 12.3 1.4
HF Meeker (Ag) Richardson 2.5 1.1 76.1 4.2 0.0 0.0 14.5 1.3
CBP Jackson Fish 1.8 1.2 90.1 3.8 0.0 0.0 0.0 1.4
CBP Faribault Bass 14.7 1.6 69.7 10.5 0.0 0.0 4.1 2.1
CBP Blue Earth Duck 3.9 1.5 86.3 0.7 0.0 1.1 6.9 1.6
CBP '" Blue Earth George 0.0 1.8 81.2 18.4 0.0 o.b 0.3 2.5
CBP Steele Beaver 14.5 2.4 60.8 23.9 0.0 0.0 0.8 2.1
Table 2. Land use as a percentage of the total terrestrial catchment of each study lake (continued).
Ecoregion County Lake pH ANC (ueqll) Color (PT·Co) CI (mgtl) TP (mgtl)
Metro Washington Tanners 8.90 2370.00 26.00 99.00 0.05568
Metro Washington Carver 8.70 2190.00 23.50 123.00 0.03594
Metro Washington Elmo 8.50 2870.00 8.00 17.00 0.01000
Metro Washington Square 8.70 2430.00 4.00 5.60 0.01185
Metro Washington L. Carnelian 8.80 2120.00 7.00 8.30 0.00867
Metro Dakota Dickman 7.89 1480.00 13.33 58.00 0.10500
Metro Dakota Fish 7.59 1613.33 19.00 101.00 0.07900
Metro Dakota Marcott 7.76 2393.33 10.33 36.00 0.01900
Metro Dakota Schultz 7.80 1690.00 17.50 32.00 0.02600
Metro Ramsey Johanna 8.25 1620.00 16.50 119.00 0.03574
Metro Ramsey Turtle 8.26 2320.00 7.50 22.00 0.02726
Metro Ramsey Owasso 8.15 2030.00 15.00 81.00 0.03951
...... Metro Ramsey McCarrons 8.60 1591.00 18.95 74.70 0.04766
......
Metro Ramsey Gervais 8.32 2320.00 17.50 102.00 0.03284
Metro Hennepin Calhoun 8.70 2150.00 9.00 117.00 0.02808
Metro Hennepin Christmas 8.90 2620.00 6.50 23.00 0.01500
Metro Hennepin Harriet 8.90 2090.00 8.50 96.00 0.02676
Metro Hennepin Little Long 8.80 1680.00 9.00 3.70 0.00950
Metro Hennepin Sweeney 8.38 4200.00 18.00 183.00 0.04633
Metro Hennepin Twin 8.55 2926.67 13.67 109·00 0.02233
NL&F Itasca (GR) Forsythe 6.89 232.75 84.58 0.74 0.02050
NL&F Itasca (GR) Snells 8.18 2507.40 17.94 6.28 0.02350
NL&F Itasca (GR) Long 8.08 2293.80 . 10.14 2.11 0.01250
NL&F Itasca (GR) Loon 8.55 2468.00 9.28 2.83 0.01140
NL&F Itasca (GR) Little Bass 8.16 2421.40 16.62 1.83 0.01283
NL&F Cook (NS) Dyers 7.57 690.20 68.58 0.77 0.02725
Table 3. Modern water-chemistry values for each of the reconstructed variables. Refer to Table 1 for explanation
of region abbreviations.
Ecoregion County Lake pH ANC (ueq/l) Color (PT-Co) CI (mg/l) TP (mg/l)
NL&F Lake (NS) Tettegouche 7.32 302.98 32.93 0.39 0.01675
NL&F Lake (NS) Nipisiquit 7.40 485.58 23.18 0.31 0.01600
NL&F Lake (NS) Wolf 7.76 609.93 17.70 1.89 0.01367
NL&F Lake (NS) Bear 7.45 341.68 9.10 0.39 0.01075
NL&F Lake (NS) Bean 7.64 525.60 8.48 0.33 0.01667
NL&F Lake (SNF) Ninemile 7.39 355.84 16.88 0.77 0.01740
NL&F Lake (SNF) Wilson 7.45 342.26 13.66 0.27 0.01280
NL&F Lake (SNF) Windy 6.94 148.25 98.20 0.27 0.01175
NL&F Lake (SNF) August 7.25 289.68 96.73 0.86 0.01450
NL&F St. Louis (VNP) Shoepack 6.59 100.00 116.75 0.22 0.01850
NL&F St. Louis (VNP) Little Trout 7.37 306.29 2.93 0.31 0.00667
NL&F St. Louis (VNP) Locator 6.99 123.05 58.00 0.35 0.00900
NL&F St. Louis (VNP) Loiten 7.05 149.74 28.90 0.30 0.00750
..... NL&F St. Louis (VNP) Tooth 6.84 189.00 38.50 0.44 0.01150tv
HF Stearns (For) Krighle 8.50 2008.39 3.33 1.22 0.01140
HF Stearns (For) Sagatagan 8.45 1741.27 6.94 3.68 0.02700
HF Kandyohi (For) George 8.82 4547.91 4.79 t 28.37 0.01500
HF Kandyohi (For) Long 8.46 3406.73 8.82 9.20 0.01850
HF Kandyohi (For) Henderson 8.61 4176.14 7.08 17.60 0.02200
HF Kandyohi (Ag) Diamond 8.55 3364.66 15.58 16.11 0.07967
HF Mcleod (Ag) Hook 8.44 2952.34 14.96 25.27 0.06800
HF Mcleod (Ag) Stahl 8.39 3107.46 19.87 11.58 0.04640
HF Meeker (Ag) Dunns 8.64 2231.73 15.26 17.54 0.13925
HF Meeker (Ag) Richardson 8.29 2715.15 17.89 17.44 0.09800
CBP Jackson Fish 8.82 3245.00 9.30 20.22 0.03833
CBP Faribault Bass 8.96 3337.50 20.15 15.03 0.08067
CBP Blue Earth Duck 8.91 2891.50 11.65 16.25 0.06467
CBP Blue Earth George 9.18 1981.50 25.10 11.16 0.13033
CBP Steele Beaver 8.86 2501.00 9.40 15.04 0.02967
Table 3. Modern water-chemistry values for each of the reconstructed variables (continued).
a very low-buffering capacity, therefore making them potentially susceptible to
acidification by acid rain (Kingston et aI., 1990; Tester, 1995). Twenty of the
study lakes are in this northern ecoregion..Five of these are clustered near the city
of Grand Rapids (which are situated 01) a more carbonate-rich soil than the rest of
the lakes in this region), five within Voyageurs National Park near the Canadian
border, six within the Lake Superior highlands, and the remaining four are within
the Superior National Forest. The lakes in this northern region are the most
pristine of the study lakes and have little human development within their
watersheds (Table 2).
The majority of the land in the North Central Hardwood Forests region is
used for agriculture; only 16% of the land in this region is forested (Table 2). In
"
recent decades the proportion of land used for agriculture and urban development
has increased. Currently, the lakes in the Northern Lakes and Forests region range
from oligotrophic to hypereutrophic (Tester, 1995). In contrast to the Northern
Lakes and Forests region, most of these lakes'overlie a calcareous glacial drift and
consequently are high in alkalinity, with a good buffering capacity.
Approximately 44% of the lakes in this ecoregion are considered unsuitable for
recreational use because of the influx of pollutants, primarily from agriculture.
On an annual average, evaporation in this .region exceeds precipitation, so lake
levels fluctuate seasonally and from year to year (Tester, 1995). Ten of the study
lakes are located in this region, half of them have large, agriculturally dominated
watersheds and therefore low water quality. The other half are not as heavily
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influenced by agriculture, have smaller watersheds, and higher water quality. All
twenty of the lakes are in rural areas, and many are influenced by shoreline
development (Table 2).
In the Minneapolis-St. Paul metropolitan area almost all of the lakes are
affected to some extent by urban runoff; some lakes in the metro region receive .
direct input from storm sewers, which divert runoff from streets, parking lots, and
lawns. Twenty of the study lakes are in this region, with roughly half in urban
neighborhoods (within 10 km of the center of either Minneapolis or St. Paul).
The other half are located in more rural landscapes, farther from the center of
either city (Table 2).
In the Western Corn Belt Plains ecoregiQn, agriculture is the primary land
use; more than 80% of the land is under cultivation (Table 2). The lakes in this
region tend to be large and shallow; sediment and fertilizers from farms are often
washed into these lake basins. As a result ofthis combination of rich soils,
shallow lake basins, and runoff from farm fields most lakes in this region are
classified as eutrophic or hypereutrophic (Tester, 1995). Five study lakes are
located in this region, and all have watersheds that are dominated by agricultural
lands (Table 2).
Sediment Cores and Sample Preparation
Sediment cores were obtained with a piston corer from a deep flat region
of each of the fifty-five study lakes. Cores form the original fifty lakes were
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obtained in 1995 and 1996. The additional five lakes added for this study were
cored during 1997 and 1998. The cores were sectioned, freeze dried, and a
chronology was established with 210Pb dating using the constant rate of supply
model (Appleby and Oldfield, 1978). Based on the 210Pb chr~nology, samples
were taken from the core top (ranging from the top 1 to 5 cm) and from the
interval representing 1970 (see Engstrom et al., 1999 for detailed methods on core
collection and 210Pb dating).
A 10% hydrochloric acid solution was used to dissolve carbonates in the
samples and hydrogen peroxide was used to oxidize organic matter. After the
chemical treatments, samples were rinsed and stored in distilled water. The
diatom suspensions were settled onto coverslips and affixed to slides with
Naphrax. At least 400 diatom valves were counted along transects in the modem
samples. In the c. 1970 core sections, 300 valves were counted, except when the
concentration of diatoms was extremely low. In these cases, 10 transects were
counted. Due to poor diatom preservation, reconstructions for Marcott Lake
(Dakota County) and Sagatagan Lake (Steams County) were based on 145 and 80
diatom valves, respectively. Diatoms were identified to species following
Krammer and Lange-Bertalot (1991) and Patrick and Reimer (1966).
Water-Chemistry Analysis
A modem water-chemistry data set was compiled for the study lakes
(Table 3). Lakes were sampled a minimum of two times between 1996 and 1998.
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Sampling was done between mid-May and early October. In addition, a limited
water-chemistry data set from 1993-1998 was available (Minnesota Pollution
Control Agency, unpublished data), and some of these values were incorporated
into our data set.
Limited historical water quality data exists for thirteen of the study lakes
(eleven lakes in the Metro region, one in the Hardwood Forest, and one in the
Com Belt Plains). This data set consists of a compilation of TP measurements
-that have been madepver the past few decades (Heiskary, unpublished data
summarized from STORET). These data were used for comparison with our core
reconstructions.
Data Analysis
Modem diatom species assemblages were related to the following water
chemistry variables: pH, acid neutralizing capacity (ANC), conductivity, K, Mg,
Ca, Na, Chloride (CI), S04, Si02, Secchi depth, Color, dissolved organic carbon
(DOC), total plwsphorus (TP), total nitrogen (TN), and chlorophyll a. Some
,
variables had a non-normal, skewed distribution and the following variables were
log transformed prior to any analyses to achieve a normal distribution: Na, CI,
S04, Si02, Color, TP, TN, and chlorophyll a.
Relationships between the water-chemistry variables and diatom
assemblages were evaluated using canonical correspondence analysis (CCA) in
the program CANOCO (ter Braak, 1998). In these ordinations, 108 taxa were
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used. Taxa that occurred in at least two of the modem samples and had a
maximum abundance greater than or equal to 1% were included. In addition,
three species that had only one occurrence but which represented more than 5% of
that lake's total diatom assemblage were added. Species with rare occurrences
were downweighted. Because some of the environmental variables were highly
correlated, forward selection was used to select a subset of variables that best
explained statistically the variation in the species data (p<0.05).
Weighted averaging (WA) calibration, with inverse deshrinking, was used
to develop a transfer function, which was applied to the 1970 core section.
The strength of the transfer function is reported in terms of the squared
correlation (r2) and the root mean square error (RMSE). However, because the
same data are used to generate the model and test it, the RMSE usually
underestimates the RMSE of prediction (RMSEP). So, the validation step of
jackknifing was used; jackknifing reruns the model multiple times, each time
leaving one sample out of the model and reconstructing that lake's chemistry.
This gives a more realistic error for reconstructions (Juggins, pers. comm.).
Outliers were detected by examining plots of residuals and were removed before
performing the reconstructions. The WA calibration and reconstructions were
performed using the program CALIBRATE (Juggins and ter Braak, 1992).
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Results
Calibration Data Set
Canonical correspondence analysis (CCA) indicates that collectively, the
16 environmental variables account for 42.7% of the variation in the diatom data.
Forward selection indicated that together CI, ANC, Color, TP, S04, pH and Si02
(in order of the amount of variation explained) explained independent variation in
the diatom data and together accounted for 27.2% of the variation in the diatom
data (64% of the variance explained by all environmental variables).
In the CCA biplot (Figure 2) lakes cluster by ecoregion along the
environmental gradients. 32.8% of the explained variation in the diatom data is
explained by Axis 1; Axis 2 accounts for an additional 19.6% of the explained
variation. The first axis represents the maximum variation in the data set and is
correlated with log CI and log TP, with log CI accounting for more of the
variation in the species data than log TP (represented on Figure 2 by the longer
vector). The lakes in the more pristine Northern Lakes and Forests region cluster
toward the low end of the TP and CI axes, while the other three regions tend to
plot higher along this gradient. Lakes also array themselves along the second
axis, which is correlated most strongly with Color, pH and ANC. The majority of
lakes in the northern and metro regions plot high along the Color axis.
Table 4 summarizes the performance of the transfer function. The results
indicate a high correlation between the observed and estimated values for all
seven environmental variables.
18
3,0 I
•
•2,0-1 0
0
• •
ANC
pH 0
• 0
C\I
'0] • = Twin Cities Metro Regionen o = Northern Lakes and Forests~ 0,.... log CI 0
• = North Central Hardwood Forests1.0 00,0
10gTP o = Western Com Belt Plains0 0
co 0
0
log S04'--- 0
-1,0-i •
• • \ 0 0• 0
10gCoio - 0
0
I 0-2.0 I
-3.0 -2.0 -1.0 0.0 1.0 2.0
Axis 1
Figure 2. Canonical Correspondence Analysis of the fifty-five study lakes with forward selection of environmental
variables. Lakes are coded by ecoregion.
Root Mean Root Mean
Environmental r 2 Square Error Square Error
Variable (apparent) of Prediction
log CI 0.7939 0.4108 0.5395
ANC 0.8155 451.6899 589.3895
log Color 0.7152 0.1869 0.2798
N
0 log TP 0.7667 0.1612 0.2442
log S04 0.6775 0.2737 0.3695
pH 0.8258 0.2664 0.3456
log Si02 0.7248 0.2631 0.4191
Table 4. Results ofthe Weighted Averaging 0NA) Regression. The strength of
the transfer function is reported in tenns of the squared correlation (A, the root
mean square error (RMSE; observed - inferred), and the jackknifing root mean
square error (RMSE ofprediction).
Modem Diatom Assemblages
In the modem samples, lakes adjacent to Lake Superior (along the North
Shore) in the Northern Lakes and Forest Region (Table 2) are dominated by
Fragilaria construens var. venter, and Aulacoseira ambigua. Both of these
species are common in oligotrophic to mesotrophic waters (Reavie et al., 1995b).
Although, Brugam (1979) has argued that in Minnesota, Aulacoseira ambigua is
unrelated to trophic state. Lakes that are within Voyageurs National Park, are
dominated by Asterionella formosa, Cyclotella stelligera, and Tabellaria
flocculosa; which have TP optima characteristic of mesotrophic systems (Hall and
Smol, 1992; Reavie, et al., 1995a). The four lakes within the Superior National
Forest are dominated by a combination of species found in both the North Shore
·and Voyageurs National Park areas. Fragilaria crotonensis is one of the
dominant species in four of the five lakes clustered near the Grand Rapids area
and is not a dominant part of any of the other counts in the Northern Lakes and
Forests region. This diatom is often associated with nutrient enrichment in lakes
of low to moderate alkalinity (Bradbury, 1975; Brugam, 1979).
In the Metro region, many of the modem samples are dominated by small
Stephanodiscus species, which are known to have high phosphorus requirements
(Bradbury, 1975; Bennion, et al., 1996). Bradbury (1975) found increases in
small Stephanodiscus species in a sediment core from a lake in northeastern
Minnesota, coincident with increased inputs of domestic and municipal wastes.
Eleven of the Metro lakes are in urban areas, within 10 km of the center of
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Minneapolis or St. Paul (Table 2); Stephanodiscus parvus makes up at least 30%
of the count in six of these lakes. The remaining nine lakes in the Metro region
are in more rural landscapes, and only two have Stephanodiscus parvus as 30% or
more of the count. The majority of lakes in the rural part of this region are
dominated by Asterionella formosa, Fragilaria crotonensis, and Cyclotella
bodanica var.lemanica, which are common in mesotrophic systems (Reavie et aI.,
1995a).
In the Com Belt Plains ecoregion, samples are dominated by Aulacoseira
ambigua and small Stephanodiscus species, which have moderate to high
phosphorus requirements (Hall and Smol, 1992; Reavie et aI., 1995a). One of the
lakes in this region has a high percentage of Fragilaria crotonensis.
The agricultural lakes in the Hardwood Forests region (Table 2) show a
similar species composition to those in the Com Belt Plains, with Aulacoseira
species and small Stephanodiscus species dominating the counts. The lakes that
are in the more forested areas of this region tend to be dominated by Fragilaria
crotonensis, and two of these five lakes have high percentages of Stephanodiscus
minutulus.
Trends from 1970 to the Present
In the Northern Lakes and Forests ecoregion, lakes along the North Shore
do not show major changes in species assemblages in the 1970 samples compared
with the modem. However, two of the lakes show an increase in Cyclotella
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pseudostelligera. There are no apparent changes in species assemblages in any of
the other areas of this ecoregion.
Shifts in species assemblages from 1970 to modern times are evident in
the Metro region. For example, Stephanodiscus parvus or S. minutulus occur as at
least 10% of the species count in 10 of the modern samples, as compared with 14
of the 1970 samples. Three urban lakes showed decreases in these small
Stephanodiscus species over the past few decades. In the more rural areas of this
region, Stephanodiscus species declined as a significant part of the diatom flora in
two lakes but increased in one other lake from 1970 to the present.
Within the Corn Belt Plains ecoregion, the lakes are dominated by
Aulacoseira species and small Stephanodiscus species in both the modern and
1970 samples. However, the small Stephanodiscus species are more prevalent in
modern samples, whereas Aulacoseira ambigua, and Aulacoseira granulata
decrease in abundance.
There are few significant changes within the Hardwood Forests ecoregion.
However, in the forested areas of this ecoregion, Fragilaria crotonensis is more
prevalent in the modern samples compared with the 1970 samples.
Water-Chemistry Reconstruction
Figure 3 represents the water-chemistry reconstructions, expressed as the
change from 1970 to the present. Reconstructions were performed on five water-
chemistry variables that were most interesting limnologically (Cl, ANC, Color,
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Figure 3. Results ofthe diatom-based reconstruction oflog CI, ANC, pH, log Color, and log TP for the fifty-five
study lakes. The lakes are grouped by ecoregion, and the results are expressed as the change from 1970 to the
present. The vertical lines represent +/- the root mean square error of prediction (RMSEP). Asterisks indicate a
change that is greater than the RMSEP.
TP, and pH). With the exception of ANC, the reconstructions were based on log
transformed data. So, the changes are shown as log minus log values, which is an
expression of the ratio of change. Our errors are log-based (with the exception of
ANC), therefore we have shown significance in terms of the ratio of change. It is
also important to look at the magnitude of change (Figure 4) for the log-
transformed variables. Some changes may be important although significance has
not been shown in terms of a ratio.
Most of the lakes do not show significant changes in CI.(which is an ionic
concentration signal) or Color over this time period, and there do not appear to be
any regional trends in either of these environmental variables (Figure 3).
Twelve of the lakes show significant changes in ANC over the past few
decades. However, there are no clear regional trends in this variable. Of the lakes
that record shifts in ANC, a little more than half of them also show a change in
lake pH.
The reconstruction of TP demonstrates the clearest trends among
ecoregions. Over half of the lakes in the Northern Lakes and Forests ecoregion
have declined in TP over this time period, with the rest of the lakes in the region
showing no significant change. Only a few lakes in the other regions show
significant changes in TP. Figure 4 illustrates the change in TP in terms of mg/l,
all of the lakes in the NL&F region which recorded a significant change in TP
changed by at least 0.014mg/1.
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Figure 4. Results of the back-transformation ofCl, Color, and TP. The lakes are grouped by ecoregion, and the
results are expressed as the change from 1970 to the present. The model was developed on log-transformed
data, therefore lines representing the RMSEP are not shown. Asterisks indicate a change that is greater than
theRMSEP.
Comparisons with Historical Data
Historical data from Wilson Lake, in Lake County, exist from a water
chemistry study done by Bright on a suite of Minnesota lakes in 1968. Although
TP was not measured, Secchi depth measurements for Wilson Lake in 1966 and
1967 are 4.4m and 3.1m, respectively; the modem Secchi depth value for Wilson
Lake is 4.0m. Secchi depth and TP are commonly inversely correlated, as a lake
increases in trophic status (TP), water transparency (Secchi depth) often decreases
(Wetzel, 1983). When compared with Bright's results, our modern Secchi depth
value suggests that this lake's trophic status has not significantly changed over the
last three decades. However, our core reconstruction for this lake indicates a
change in total phosphorus from a modem value of 0.0098mgll to a value of
0.0252mg/l (a shift in trophic status from eutrophic to oligotrophic from 1970 to
the present). Species assemblages in this study and Bright's (1996) study are
consistent in that Aulacoseira ambigua was the dominant diatom in both Bright's
sample and our 1970 core section.
Historical data on TP exist for eleven lakes in the Metro region, as well as
one lake in the Hardwood Forest ecoregion and one lake in the Com Belt Plains
(Heiskary, unpublished data summarized from STORET). For the Metro lakes,
our data show that three lakes recorded a significant change in TP (Figures 3 and
4). Lake Elmo, which had a significant decrease in TP according to our data,
showed a decrease in measured TP since 1951, although the change was only
marginally significant (p=0.079). Only two lakes in Heiskary's dataset show
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significant changes in TP; both Calhoun Lake (Hennepin County) and Owasso
Lake (Ramsey County) had a significant decrease in measured TP (both lakes are
based on change since 1971). Neither of these lakes showed significant declines
based on our reconstructions.
George Lake (Kandyohi County), in the Hardwood Forest ecoregion shows
a decline in TP which is statistically insignificant, in both our andHeiskary's
results (Heiskary's data for this lake goes back to 1979). Fish Lake, in the Com
Belt Pains, records an insignificant post-1985 decrease in TP in Heiskary's data
and an insignificant post-1970 increase in ours.
Discussion
The greatest changes in Cl occur in the Metro region (Figure 4). Cl is a
conservative ion. Changes in concentration can result from evaporative
concentration or dilution driven by changes in precipitation minus evaporation, or
in this case, more likely from seepage of road salts into the lake basins.
Only a few lakes show significant shifts in Color, in terms of the ratio of
change. However, many lakes in the Northern Lakes and Forests region show a
substantial shift in Color, in terms of magnitude of change in Pt-Co units (Figure
4). The lakes that show changes greater than +/-10 Pt-Co units all have high
Color values now (greater than 30 Pt-Co).
Although a few lakes in each ecoregion show a shift in ANC, only five of
the study lakes record a change in pH (Figure 3). None of the lakes in the
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Northern Lakes and Forests region show a significant change in pH, and only
about half of the lakes show any decrease at all. These naturally low buffering
capacity of these northeastern lakes makes them potentially susceptible to
acidification by acid rain. However, these results suggest that there has b,een no
significant acidification in this region in the past few decades. These results are
consistent with the findings of the PIRLA project (Paleoecological Investigation
of Recent Lake Acidification; Kingston et aI., 1990), that included three lakes
from the Northern Lakes and Forests Region (in St. Louis and Lake Counties) and
found no significant change in 20th century diatom-inferred pH.
The dramatic decrease in TP in the majority of lakes in the Northern Lakes
and Forests region would suggest a shift in trophic status for all 12 of these lakes.
These lakes are currently classified as oligotrophic (>O.OlOmg/1 P) or mesotrophic
(0.01O-0.020mg/1 P), and this shift would suggest that in the 1970s all but one
would have been considered eutrophic (>O.020mg/1 P). However, Bright's (1966)
historical Secchi depth data for Wilson Lake, and other lakes in the Northern
Lakes and Forest ecoregion, suggest that lakes in this area were not eutrophic just
a few decades ago; and it seems unlikely that there has been a substantial decrease
in TP in these relatively pristine lakes. Thus, TP must be a proxy for a shift in
another variable that was not measured here.
Fritz etaI. (1993) also reconstructed recent declines in TP in four
oligo/mesotrophic lakes in Michigan compared with pre-settlement levels. They
suggested that the concentration of a micronutrient, such as Boron, which is
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required for silica metabolism, may have been driving the changes in species
composition. There were no significant trends or changes in the ratio of Si02 in
the Northern Lakes and Forests region over this time period.
This reconstructed decline in TP could be related to increases in
atmospheric nitrogen deposition. Jassby, et al. (1995) found that atmospheric
deposition of N to Lake Tahoe has been increasing in recent years. This increase
in N has been large enough to shift nutrient limitations in Lake Tahoe from
colimitation by Nand P in the early 1980s to almost exclusive limitation by P in
the 1990s. In the Northern Lakes and Forests region there could have been a
change in diatom species assemblages that was driven by a shift in nutrient
limitation. If this is the case, it may be the ratio of TPffN that is declining instead
of the absolute amount of phosphorus.
A decrease in TP was expected in the Metro region (Figure 4), but the
reconstructed change was not statistically significant because the ratio of change
was not sufficiently large. Because these lakes are now eutrophic, the magnitude
of decrease in TP is not large relative to the range of lakes surveyed, and the
reconstructed change is not sufficient to shift these lakes into the mesotrophic
category. Although only one lake in the region showed a significant decrease in
TP in terms of a ratio of change, 75% ofthem did show some decrease in this
variable. For example, six of the metro lakes record a decline in TP of at least
O.008mg/1 P (Figure 4), but this change was not significant because the ratio of
change was not greater than the error of the reconstruction. The decline in TP,
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although not statistically significant, may be real, and cleanup efforts may be
having an effect. The species data support the notion that subtle changes in TP
have occurred in these Metro lakes over the past few decades. Small
Stephanodiscus species, which are associated with high TP levels, dominated a
larger percentage of lakes in the 1970 than in the modem core sections.
There are differences between historic TP trends in Metro lakes (Heiskary
dataset) and our reconstructed values. These differences may occur because this
historical dataset includes years with limited limnological sampling; in many
cases a lake was included in the analysis if there were at least two Secchi depth
measurements from a given summer. A few spot measurements may not represent
an accurate average of that year's lake conditions. Thus, diatom based
reconstructions may be more accurate, because the species assemblage in a core
section integrates a longer period of time than a single sampling date.
In the Com Belt Plains ecoregion, as well as in three of the five
agricultural lakes from the Hardwood Forest Region, the lakes record either
relatively no change or an increase in TP (Figure 4). This change can also be seen
in the species data in the Corn Belt Plains ecoregion, suggesting that this TP
increase is real. Since 1970, small Stephanodiscus species have become more
prevalent. These lakes are highly eutrophic now, and agricultural practices may
need to change in order to bring these lakes down to a lower trophic status.
Using this regional approach has allowed us to compare water chemistry
changes among regions with differences in land use. These results indicate that
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modem land use practices are having substantial impacts on these lakes. In urban
areas, road salts are most likely the cause of increases in Cllevels, which are not
substantially increasing in other regions. TP levels are declining in many urban
lakes, suggesting that a focus on cleaner surface waters may be having a
noticeable effect. However, in the agricultural regions, TP levels have remained
steady or are rising, suggesting that land use practices in these regions need to be
critically evaluated. There has been no significant acidification in the Northern
Lakes and Forests region in recent times. However, the reconstructed decrease in
TP in this region is a suggestion that the atmospheric deposition of N may be
substantial.
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Chapter 2. Documentation of Change Since European Settlement
Abstract
A diatom-based transfer function was used to reconstruct water chemistry
prior to European settlement in fifty-five Minnesota lakes and to evaluate the
magnitude and geographic extent of post-settlement changes in water quality. The
lakes span three natural ecoregions, which differ in their history of land use, as
well as in surficial geology, climate, and vegetation. Water-chemistry
reconstructions were made for two pre-settlement core sections (representing c.
1750 and c. 1800) to measure natural variability in these systems. Differences
between these core sections and modem values are a measure of the amount of
change since settlement. Increases in Chloride (CI) and total phosphorus (TP) in
the urban and agricultural regions are evident and can be attributed to land use
practices. Decreases in ANC and pH in a few lakes in the northeast may be a
result of anthropogenic impacts on lakes with a naturally low buffering capacity.
However, changes in Color are primarily attributed to natural variations within the
watershed.
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Introduction
Human settlement can have profound effects on lake ecosystems (Smol et
aI., 1983; Lewis et aI., 1984; Henderson-Sellers and Markland, 1987; Spencer,
1991). However, knowledge of pre-settlement conditions and natural
l
limnological variability are crucial to accurately assess pollution trends.
Historical data generally do not extend back very far into the past and therefore
cannot be used to establish the nature of pre-anthropogenic conditions (Smol,
1992; Fritz, 1996). Furthermore, although a large number of monitoring studies
of individual or small clusters of lakes (Birks et aI., 1976; Schuette and Bailey,
1980; Engstrom et aI., 1985; Fritz et aI., 1993) have been undertaken, there are
few studies that address large-scale regional trends in water quality, with the
exception of lake acidification (Kingston et aI., 1990; Cumming et aI., 1992; Hall
and Smol, 1996). Because there are so few studies that encompass change among
different regions, it is generally not possible to compare the extent of change that
is attributable to different types of human impact.
Minnesota is geographically diverse and different parts of the state vary in
their history of settlement and land use. Nonpoint source pollution is a problem in
many of Minnesota's aquatic ecosystems due to runoff from agriculture and urban
development in the south, and lakeshore development in the northeast, as well as
atmospheric transport of pollutants throughout the region (e.g. Swain et aI., 1992).
Paleolimnological studies and diatom-based transfer functions have been widely
used to reconstruct human impact on lakes, including studies of changes in
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lakewater pH (Hall and Smol, 1996), and historic trends in water quality (Fritz et
aI., 1993; Reavie et aI., 1995b; Hall and Smol, 1996). Although Minnesota has
been the focus of a number of previous paleolimnological studies, only a few of
these assess limnological change following regional settlement (Brugam, 1979;
Bradbury and Winter, 1976; Brugam et aI., 1988) and all of these involve
qualitative, not quantitative, assessments of the magnitude of trophic change. Fo~
example, Bradbury (1975) analyzed sediment cores from Minnesota lakes to
document changes in fossil diatom assemblages since European settlement. His
results indicated that the lakes did become more productive after settlement.
However, only six Minnesota lakes (representing four geographic areas) were part
of the study, and the analysis was done qualitatively.
Many of the paleolimnological studies in Minnesota have focused on
change in just one lake (Brugam andSpeziale, 1983; Brugam et aI., 1988). For
example, a paleolimnological investigation of Lake Sallie, MN by Bradbury and
Winter (1976) related the change in diatom assemblages to human disturbances
within the watershed. However, the change in one lake generally cannot be
extrapolated to other lakes within the region. It can also be difficult to assess the
magnitude of anthropogenic impact relative to natural environmental variability.
The purpose of this study is to determine the proportion of lakes in various
regions affected by human activities and to compare the relative impact of human
activities in regions with different land-use histories. We use a paleolimnological
approach and a diatom-based transfer function that was developed from a suite of
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lakes in Minnesota. This transfer function is used to generate quantitative
reconstructions of water-chemistry conditions from sediment cores from those
same Minnesota lakes. Our goal is to determine the magnitude of the impact of
urban and agricultural runoff and atmospheric deposition relative to natural
environmental variability. We analyze two core sections that date prior to
European settlement (c. 1800 and c. 1750) to generate a picture of what these
lakes were like before major anthropogenic influences. We then compare these
two pre-settlement dates to determine natural variability in these systems (e.g.
Cumming et aI., 1992). These diatom based water chemistry reconstructions
allow us to compare changes over time among regions with different land use
histories. Knowing lake conditions prior to European settlement, as well as the
amount of natural variation in these systems, can help guide future decisions on
land management and lake restoration projects.
Methods
Study Area
The 55 lakes in this study represent three of Minnesota's ecoregions:
Northern Lakes and Forests, North Central Hardwood Forests, and Western Com
Belt Plains, as well as the Twin Cities metropolitan region (Table 1, Figure 1).
These regions represent a gradient in vegetation, precipitation, geology, and land
use that exists from the northeast to the southwest portion of the state. The lakes
were selected for a study on mercury deposition across Minnesota (Engstrom et
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Total Primary
Lake Area Max. Depth Catchment Catchment
Ecoregion County Lake Latitude N Longitude W (ha) (m) (ha) (ha)
Metro Washington Tanners 44 057.00' 92 0 58.88' 30.2 13.7 669 669
Metro Washington Carver 44 054.36' 92 0 58.83' 19.6 11.0 864 864
Metro Washington Elmo 44 059.37' 92 0 52.96' 114.6 42.7 2076 569
Metro Washington Square 45 0 09.40' 92 048.26' 81.9 20.7 226 226
Metro Washington L. Carnelian 45 007.07' 92 047.79' 46.7 19.2 1854 162
Metro Dakota Dickman 44 051.69' 93 0 04.74' 9.1 2.4 57 57
0# Metro Dakota Fish 44 049.35' 93 0 10.03' 12.5 10.1 1506 106
Metro Dakota Marcott 44 048.95' 93 0 04.02' 7.5 10.1 251 56
Metro Dakota Schultz 44 047.07' 93 0 07.47' 5.3 4.9 69 18
Metro Ramsey Johanna 45 0 02.43' 93 009.93' 86.4 12.5 1026 228
Metro Ramsey Turtle 45 0 06.22' 93 0 08.18' 133.3 8.8 180 180
Metro Ramsey Owasso 45 0 02.28' 93 007.45' 150.9 12.2 423 224
w Metro Ramsey McCarrons 44 059.85' 93 0 06.67' 30.1 17.4 412 43
--J
Metro Ramsey Gervais 45 0 01.05' 93 0 04.30' 94.4 12.5 4028 243
Metro Hennepin Calhoun 44 056.63' 93 0 18.79' 168.5 27.4 2515 1236
0# Metro Hennepin Christmas 44 0 53.85' 93 0 32.47' 105.7 26.5 189 189
Metro Hennepin Harriet 44 055.15' 93 0 18.58' 138.6 25.0 387 387
Metro Hennepin Little Long 44 056.88' 93 042.47' 21.8 23.2 32 32
-# Metro Hennepin Sweeney 44 059.44' 93 0 20.48' 28.3 7.6 1011 78
Metro Hennepin Twin 44 059.52' 93 0 20.17' 8.7 17.1 33 33
NL&F Itasca (GR) Forsythe 47 0 15.97' 93 0 36.06' 27.1 3.1 191 191
NL&F Itasca (GR) Snells 47 0:14.46' 93 040.16' 35.8 15.2 288 288
NL&F Itasca (GR) Long 47 0 13.63' 93 0 39.39' 54.5 22.9 165 165
NL&F Itasca (GR) Loon 47 0 13.95' 93 0 38.42' 92.9 21.0 364 144
NL&F Itasca (GR) Little Bass 47 0 17.05' 93 0 36.09' 64.5 18.9 540 540
Table 1. Location and size of each of the study lakes and their catchments (modified from Engstrom et aI., 1999).
Metro = Twin Cities Metropolitan area, NL&F = Northern Lakes and Forests ecoregion {GR = Grand Rapids, NS = North
Shore, SNF = Superior National Forest, and VNP = Voyageurs National Park}, HF = Hardwood Forests ecoregion, and
CBP = Com Belt Plains ecoregion (refer to text for description of regions).
- = reconstruction based on less than 300 valves (1800) 0 = less than 90 valves in 10 transects (not reconstructed) (1800)
* = reconstruction based on less than 3bO valves (1750) # = less than 90 valves in 10 transects (not reconstructed) (1750)
Total Primary
Lake Area Max. Depth Catchment Catchment
Ecoregion County Lake Latitude N Longitude W (ha) (m) (ha) (ha)
NL&F Cook (NS) Dyers 47 031.62' 90 0 58.79' 27.8 6.1 854 864
NL&F Lake (NS) Tettegouche 47 020.66' 91 0 16.18' 26.7 4.6 103 103
NL&F Lake (NS) Nipisiquit 47 021.31' 91 0 14.94' 23.7 5.5 298 60
NL&F Lake (NS) Wolf 47 022.61' 91 0 11.58' 13.1 7.3 68 68
NL&F Lake (NS) Bear 47 0 17.05' 91 0 20.62' 18.3 8.8 60 60
NL&F Lake (NS) Bean 47 0 18.51' 91 0 18.02' 12.5 7.9 64 34
NL&F Lake (SNF) Ninemile 47 034.55' 91 0 04.88' 120.3 9.1 209 209
NL&F Lake (SNF) Wilson 47 040.45' 91 0 04.53' 257.1 14.9 719 719
NL&F Lake (SNF) Windy 47 044.13' 91 0 04.31' 184.6 11.9 1705 1464
NL&F Lake (SNF) August 47 045.79' 91 036.37' 76.5 5.8 937 372
NL&F S1. Louis (VNP) Shoepack 48 029.82' 92 0 53.27' 155.4 7.3 1768 1635
NL&F S1. Louis (VNP) Little Trout 48 023.72' 92 0 31.63' 107.6 29.0 140 140
w NL&F S1. Louis (VNP) Locator 48 032.47' 93 0 00.34' 54.1 15.9 1489 444
00 NL&F S1. Louis (VNP) 48 031.60' 92 0 55.61' 39.0 242 242Loiten 14.9
NL&F S1. Louis (VNP) Tooth 48 0 23.88' 92 0 38.59' 23.6 13.1 151 151
HF Stearns (For) Kreighle 45 0 34.72' 94 028.69' 41.0 17.1 88 88
0# HF Stearns (For) Sagatagan 45 0 34.47' 94 023.45' 88.7 14.3 252 .252
HF Kandyohi (For) George 45 0 14.55' 94 0 59.06' 91.6 9.1 102 87
HF Kandyohi (For) Long 45 0 19.87' 94 051.13' 129.8 13.4 363 363
HF Kandyohi (For) Henderson 45 0 13.82' 94 059.56' 29.1 12.2 59 59
-*HF Kandyohi (Ag) Diamond 45 0 11.16' 94 051.23' 644.8 8.2 3590 1850
HF Mcleod (Ag) Hook 44 0 57.21' 94 020.47' 133.1 5.5 620 399
HF Mcleod (Ag) Stahl 44 0 57.18' 94 025.24' 54.6 10.7 630 186
HF Meeker (Ag) Dunns 45 0 09.50' 94 0 25.74' 63.0 6.1 1381 165
HF Meeker (Ag) Richardson 45 0 09.57' 94 026.40' 48.3 14.3 1168 1168
*CBP Jackson Fish 43 0 50.82' 95 0 02.67' 120.7 8.2 649 649
CBP Faribault Bass 43 0 49.22' 94 0 04.67' 75.7 6.1 136 136
CBP Blue Earth Duck 44 0 13.07' 93 0 48.89' 116.6 7.6 385 385
CBP Blue Earth George. 44 0 14.02' 93 052.29' 36.2 8.5 54 64
-CBP Steele Beaver 43 0 53.52' 93 0 20.90' 37.8 8.2 71 71
Table 1. Location and size of the study lakes and their catchments (continued).
Twin Cities
/"" Metro Region
Western Corn Belt Plains
Figure 1. Ecoregions ofMinnesota (modified from Tester,
1995)
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al., 1999), with the addition of five lakes from agricultural regions in the southern
portion of the state (those in the Com Belt Plains ecoregion). The lakes were
chosen in a non-random manner, but they are well suited for this study on
nonpoint-pollution trends in that they provide a contrast between nearly pristine
systems and those that have been heavily impacted by urban and agricultural
runoff.
The Northern Lakes and Forests region is primarily forested, with only
small tracts of land cleared for timber, agriculture and mining (Table 2). There is
little urban development in this portion of the state, however, the shores of some
lakes are lined with resorts and cabins. The lakes tend to be small and deep and
are generally oligotrophic to mildly eutrophic (Tester, 1995; Tables 1 and 3).
Most of the soils in this region are very thin and overlie base-poor rock substrates
of the Canadian Shield. Thus, many lakes have a very low-buffering capacity,
making them potentially susceptible to acidification by acid rain (Kingston et aI,
1990; Tester, 1995). Twenty of the study lakes are in this northern ecoregion:
five of them, clustered near the city of Grand Rapids, are situated on a more
carbonate-rich soil than the rest of the lakes in this region, five are within
Voyageurs National Park near the Canadian border, six within the Lake Superior
highlands, and the remaining four are within the Superior National Forest.
The majority of the land in the North Central Hardwood Forests region is
used for agriculture; only 16% of the land in this region is forested (Table 2).
Currently, the lakes in the North Central Hardwood Forests region range from
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Agricul- Mean
Road tural Deciduous Mixed Conifer Slope
Ecoregion County Lake Built-up Surface Land Forest Forest Forest Wetland Class
Metro Washington Tanners 79.6 8.0 0.0 2.0 0.0 0.0 9.4 1.8
Metro Washington Carver 52.4 5.7 18.2 11.5 0.0 0.2 5.1 2.1
Metro Washington Elmo 31.1 3.4 42.8 8.7 0.0 0.4 4.1 1.9
Metro Washington Square 14.0 2.3 20.4 43.4 0.0 2.4 3.2 4.3
Metro Washington L. Carnelian 7.7 1.2 41.2 20.1 1.9 1.3 6.3 2.0
Metro Dakota Dickman 38.3 2.2 10.3 24.2 0.0 7.0 0.0 2.9
Metro Dakota Fish 70.6 4.9 8.8 9.0 0.0 1.0 1.1 2.3
Metro Dakota Marcott 20.4 5.7 12.3 33.2 0.0 0.2 1.6 3.3
Metro Dakota Schultz 0.5 0.3 1.0 56.8 0.0 0.5 7.3 2.5
Metro Ramsey Johanna 86.9 8.3 0.0 3.4 0.0 0.0 2.2 1.6
Metro Ramsey Turtle 80.0 2.5 0.0 0.0 0.0 0.0 13.6 1.4
.I>- Metro Ramsey Owasso 84.4 5.7 0.0 2.2 0.0 0.0 6.8 1.9.....
Metro Ramsey McCarrons 82.2 9.3 0.0 5.7 0.0 0.0 2.8 2.0
Metro Ramsey Gervais 80.3 8.0 0.0 3.0 0.0 0.2 5.1 1.7
Metro Hennepin Calhoun 88.1 9.8 0.0 3.4 0.0 0.0 2.0 1.8
Metro Hennepin Christmas 85.6 4.5 2.0 5.2 0.0 0.0 2.0 2.7
Metro Hennepin Harriet 90.5 10.6 0.0 8.2 0.0 0.0 1.2 1.9
Metro Hennepin Little Long 0.0 2.0 18.0 58.0 0.0 0.0 24.0 4.1
Metro Hennepin Sweeney 93.1 1.2 0.0 3.5 0.0 0.0 1.2 2.0
Metro Hennepin Twin 35.8 15.4 0.0 58.3 0.0 0.0 1.6 3.0
NL&F Itasca (GR) Forsythe 0.0 0.9 5.1 45.2 5.1 0.0 11.2 1.4
NL&F Itasca (GR) Snells 0.0 1.2 43.3 18.5 17.1 14.1 4.5 1.3
NL&F Itasca (GR) Long 0.2 1.3 8.5 Jl5.6 6.6 0.0 11.7 2.1
NL&F Itasca (GR) Loon 2.9 1.4 12.3 42.8 13.5 1.4 5.4 1.8
NL&F Itasca (GR) Little Bass 4.7 0.8 10.9 55.9 4.1 1.1 7.7 1.9
Table 2. Land use as a percentage of the total terrestrial catchment of each study lake (modified from Engstrom et at, 1999).
Refer to Table 1 for explanation of region abbreviations.
Agricul- Decid- Mean
Road tural uous Mixed Conifer Slope
Ecoregion County Lake Built-up Surface Land Forest Forest Forest Wetland Class
NL&F Cook (NS) Dyers 0.0 0.7 0.0 30.7 23.2 38.3 6.3 2.4
NL&F Lake (NS) Tettegouche 0.0 0.0 0.0 21.0 75.5 0.0 3.5 3.7
NL&F Lake (NS) Nipisiquit 0.0 0.0 0.0 24.5 52.1 2.8 1.7 3.6
NL&F Lake (NS) Wolf 5.6 0.0 0.0 4.5 87.4 0.0 0.0 3.7
NL&F Lake (NS) Bear 0.0 0.0 0.0 6.3 68.4 25.3 0.0 4.9
NL&F Lake (NS) Bean 0.0 0.0 0.0 22.6 66.6 0.0 0.0 5.3
NL&F Lake (SNF) Ninemile 0.0 0.5 0.0 9.9 42.0 48.1 0.0 2.9
NL&F Lake (SNF) Wilson 0.0 0.0 0.0 0.4 82.9 0.0 3.6 2.9
NL&F Lake (SNF) Windy 0.0 0.3 0.0 0.1 75.8 2.1 7.0 2.2
NL&F Lake (SNF) August 0.0 0.1 0.0 0.0 0.0 91.0 4.0 2.7
NL&F St. Louis (VNP) Shoepack 0.0 0.0 0.0 0.0 59.8 15.0 20.3 2.2
NL&F St. Louis (VNP) Little Trout 0.0 0.0 0.0 0.0 0.0 100.0 0.0 3.4
-l'>. NL&F St. Louis (VNP) Locator 0.0 0.0 0.0 0.0 61.2 22.7 5.5 2.7N
NL&F St. Louis (VNP) Loiten 0.0 0.0 0.0 0.0 87.6 6.3' 6.2 3.1
NL&F St. Louis (VNP) Tooth 0.0 0.0 0.0 0.0 0.0 90.1 9.0 3.6
HF Stearns (For) Kreighle 0.0 1.7 23.0 71.3 0.0 0.0 4.6 2.6
HF Stearns (For) Sagatagan 2.4 1.0 22.0 57.0 0.0 1.6 10.3 2.4
HF Kandyohi (For) George 41.0 1.0 6.7 21.3 3.1 5.9 8.6 2.1
HF Kandyohi (For) Long 16.3 1.1 35.3 26.6 4.5 1.6 9.2 2.3
HF Kandyohi (For) Henderson 35.7 5.1 27.5 0.0 11.4 0.0 13.3 1.9
HF Kandyohi (Ag) Diamond 4.1 1.2 74.4 5.6 0.0 0.0 9.1 1.8
HF Mcleod (Ag) Hook 2.9 0.6 76.4 5.6 0.0 0.0 7.7 1.7
HF Mcleod (Ag) Stahl 0.0 0.9 57.7 14.5 0.0 0.0 22.4 1.8
HF Meeker (Ag) Dunns 3.4 1.1 72.6 5.4 0.0 0.0 12.3 1.4
HF Meeker (Ag) Richardson 2.5 1.1 76.1 4.2 0.0 0.0 14.5 1.3
CBP Jackson Fish 1.8 1.2 90.1 3.8 0.0 0.0 0.0 1.4
CBP Faribault Bass 14.7 1.6 69.7 10.5 0.0 0.0 4.1 2.1
CBP Blue Earth Duck 3.9 1.5 86.3 0.7 0.0 1.1 6.9 1.6
CBP Blue Earth George 0.0 1.8 81.2 18.4 0.0 0.0 0.3 2.5
CBP Steele Beaver 14.5 2.4 60.8 23.9 0.0 0.0 0.8 2.1
Table 2. Land use as a percentage of the total terrestrial catchment of each study lake (continued).
Ecoregion County Lake pH ANC (ueqtl) Color (PT-Co) CI (mgll) TP (mgtl)
Metro Washington Tanners 8.90 2370.00 26.00 99.00 0.05568
Metro Washington Carver 8.70 2190.00 23.50 123.00 0.03594
Metro Washington Elmo 8.50 2870.00 8.00 17.00 0.01000
Metro Washington Square 8.70 2430.00 4.00 5.60 0.01185
Metro Washington L. Carnelian 8.80 2120.00 7.00 8.30 0.00867
Metro Dakota Dickman 7.89 1480.00 13.33 58.00 0.10500
Metro Dakota Fish 7.59 1613.33 19.00 101.00 0.07900
Metro Dakota Marcott 7.76 2393.33 10.33 36.00 0.01900
Metro Dakota Schultz 7.80 1690.00 17.50 32.00 0.02600
Metro Ramsey Johanna 8.25 1620.00 16.50 119.00 0.03574
Metro Ramsey Turtle 8.26 2320.00 7.50 22.00 0.02726
Metro Ramsey Owasso 8.15 2030.00 15.00 81.00 0.03951
~ Metro Ramsey McCarrons 8.60 1591.00 18.95 74.70 0.04766V>
Metro Ramsey Gervais 8.32 2320.00 17.50 102.00 0.03284
Metro Hennepin Calhoun 8.70 2150.00 9.00 117.00 0.02808
Metro Hennepin Christmas 8.90 2620.00 6.50 23.00 0.01500
Metro Hennepin Harriet 8.90 2090.00 8.50 96.00 0.02676
Metro Hennepin Little Long 8.80 1680.00 9.00 3.70 0.00950
Metro Hennepin Sweeney 8.38 4200.00 18.00 183.00 0.04633
Metro Hennepin Twin 8.55 2926.67 13.67 100.00 0:02233
NL&F Itasca (GR) Forsythe 6.89 232.75 84.58 0.74 0.02050
NL&F Itasca (GR) Snells 8.18 2507.40 17.94 6.28 0.02350
NL&F Itasca (GR) Long 8.08 2293.80 10.14 2.11 0.01250
NL&F Itasca (GR) Loon 8.55 2468.00 9.28 2.83 0.01140
NL&F Itasca (GR) Little Bass 8.16 2421.40 16.62 1.83 0.01283
NL&F Cook (NS) Dyers 7.57 690.20 68.58 0.77 0.02725
Table 3. Modem water-chemistry values for each of the reconstructed variables. Refer to Table 1 for explanation
of region abbreviations.
Ecoregion County Lake pH ANC (ueq/l) Color (PT-Co) CI (mg/l) TP (mg/l)
NL&F Lake (NS) Tettegouche 7.32 302.98 32.93 0.39 0.01675
NL&F Lake (NS) Nipisiquit 7.40 485.58 23.18 0.31 0.01600
NL&F Lake (NS) Wolf 7.76 609.93 17.70 1.89 0.01367
NL&F Lake (NS) Bear 7.45 341.68 9.10 0.39 0.01075
NL&F Lake (NS) Bean 7.64 525.60 8.48 0.33 0.01667
NL&F Lake (SNF) Ninemile 7.39 355.84 16.88 0.77 0.01740
NL&F Lake (SNF) Wilson 7.45 342.26 13.66 0.27 0.01280
NL&F Lake (SNF) Windy 6.94 148.25 98.20 0.27 0.01175
NL&F Lake (SNF) August 7.25 289.68 96.73 0.86 0.01450
NL&F St. Louis (VNP) Shoepack 6.59 100.00 116.75 0.22 0.01850
NL&F St. Louis (VNP) Little Trout 7.37 306.29 2.93 0.31 0.00661
NL&F St. Louis (VNP) Locator 6.99 123.05 58.00 0.35 0.00900
NL&F St. Louis (VNP) Loiten 7.05 149.74 28.90 0.30 0.00750
~ NL&F St. Louis (VNP) Tooth 6.84 189.00 38.50 0.44 0.01150~
HF Steams (For) Krighle 8.50 2008.39 3.33 1.22 0.01140
HF Stearns (For) Sagatagan 8.45 1741.27 6.94 3.68 0.02700
HF Kandyohi (For) George 8.82 4547.91 4.79 28.37 0.01500
HF Kandyohi (For) Long 8.46 3406.73 8.82 9.20 0.01850
HF Kandyohi (For) Henderson 8.61 4176.14 7.08 17.60 0.02200
HF Kandyohi (Ag) Diamond 8.55 3364.66 15.58 16.11 0.07967
HF Mcleod (Ag) Hook 8.44 2952.34 14.96 25.27 0.06800
HF Mcleod (Ag) Stahl 8.39 3107.46 19.87 11.58 0.04640
HF Meeker (Ag) Dunns 8.64 2231.73 15.26 17.54 0.13925
HF Meeker (Ag) Richardson 8.29 2715.15 17.89 17.44 0.09800
CBP Jackson Fish 8.82 3245.00 9.30 20.22 0.03833
CBP Faribault Bass 8.96 3337.50 20.15 15.03 0.08067
CBP Blue Earth Duck 8.91 2891.50 11.65 16.25 0.06467
CBP Blue Earth George 9.18 1981.50 25.10 11.16 0.13033
CBP Steele Beaver 8.86 2501.00 9.40 15.04 0.02967
Table 3. Modem water-chemistry values for each of the reconstructed variables (continued).
oligotrophic to hypereutrophic (Tester, 1995; Table 3). In contrast to the Northern
Lakes and Forests region, most of these lakes overlie a calcareous glacial drift,
and consequently the lakes have a high alkalinity. However, because of the influx
of pollutants, primarily from agriculture, approximately 44% of the lakes in this
ecoregion are considered unsuitable for recreational use because of low
transparency and frequent algal blooms. On an annual average, regional
evaporation is generally greater than precipitation, so lake levels fluctuate more
seasonally and inter-annually (Tester, 1995). Ten of the study lakes are located in
this region, half of them have large, agriculturally dominated watersheds and
therefore low water quality. Many of the lakes are influenced by shoreline
development (Table 2).
In the Minneapolis-St. Paul metropolitan area, almost all of the lakes are
affected by urban runoff. Twenty of the study lakes are in this region, with
roughly half in urban neighborhoods (within 10 km of the center of either
Minneapolis or St. Paul) (Table 2).
In the Western Com Belt Plains ecoregion, agriculture is the primary land
use; more than 80% of the land is under cultivation (Table 2). The five lakes in
this region tend to be large and shallow; sediment and fertilizers from farms are
often washed into these lake basins. As a result of the rich soils, shallow lake
basins, and runoff from farm fields, most lakes in this region are classified as
eutrophic or hypereutrophic (Tester, 1995).
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Sediment Cores and Sample Preparation
Sediment cores were obtained with a piston corer from a deep flat region
of each of the fifty-five study lakes. The cores were sectioned, freeze dried, and a
chronology was established with 210Pb dating using the constant rate of supply
model (Appleby and Oldfield, 1978). Based on the 210Pb chronology, samples
were taken from the core top (ranging from the top 1 to 5 em) and from the
intervals representing 1750 and 1800 (see Engstrom et aI., 1999 for detailed
methods on core collection and 210Pb dating).
A modern water-chemistry data set was compiled for the study lakes
(Table 3). Lakes were sampled a minimum of two times between 1996 and 1998.
Sampling was done between mid-May and early October. In addition, limited
water-chemistry data from 1993-1998 were available (Minnesota Pollution
Control Agency, unpublished data), and some of these values are incorporated
into our data set.
A 10% hydrochloric acid solution was used to dissolve carbonates in the
samples and hydrogen peroxide was used to oxidize organic matter. Between and
after the chemical treatments, samples were rinsed with, and stored in, distilled
water. The diatom suspensions were settled onto coverslips and affixed to slides
with Naphr8;x. At least 400 diatom valves were counted along transects in the
modern samples. In the core sections, 300 valves were counted except when the
concentration of diatoms was extremely low. In these cases, 10 transects were
counted. Diatoms were identified to species following Krammer and Lange-
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Bertalot (1991) and Patrick and Reimer (1966). As a result of poor diatom
preservation, less than 300 valves were counted in some of the core sections.
Reconstructions were not performed on seven samples because of low diatom
concentration (see Table 1).
Data Analysis
Relationships between the water chemistry variables and modem diatom
species assemblages were evaluated with canonical correspondence analysis
(CCA), using the program CANOCO (ter Braak, 1998). Modem diatom species
assemblages were related to pH, acid neutralizing capacity (ANe), conductivity,
K, Mg, Ca, Na, Chloride (CI), S04, Si02, Secchi depth, Color, dissolved organic
carbon (DOC), total phosphorus (TP), total nitrogen (TN), and chlorophyll a.
Forward selection was used to select a subset of variables that best explained the
variation in the species data. Variables that had a skewed distribution (Na, CI,
S04, Si02, Color, TP, TN, and chlorophyll a) were log transformed prior to any
analyses to achieve a normal distribution.
Weighted averaging (WA) calibration, with inverse deshrinking, was used
to develop a transfer function for the variables CI,'ANC, Color, TP, S04, pH, and
SiOz, and that transfer function was applied to the 1800 and 1750 core sections to
reconstruct water chemistry. The WA calibration and reconstructions were
performed using the program CALIBRATE (Juggins and ter Braak, 1992).
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Results
Calibration Data Set
Canonical correspondence analysis (CCA) determined that collectively,
the 16 environmental variables accounted for 42.7% of the variation in the diatom
data. Forward selection found that Cl, acid neutralizing capacity (ANC), Color,
total phosphorus (TP), S04, pH, and Si02, explained independent variation in the
diatom data (64% of the variance explained by all environmental variables).
In the CCA biplot (Figure 2) lakes cluster by ecoregion along the
environmental gradients. 32.8% of the variation in the diatom data is explained
by Axis 1, which is correlated with log Cl and log TP. However, log Cl accounts
for more of the variation in the species data than log TP, as represented on Figure
2 by the longer vector. The lakes in the more pristine Northern Lakes and Forests
region cluster toward the low end of the TP and Cl axes, while the other three
regions plot higher along this gradient. Axis 2 accounts for an additional 19.6%
of the explained variation and is correlated most strongly with Color, pH and
ANC. The majority of lakes in the northern and Minneapolis-St. Paul regions plot
high along the Color axis.
Modem Diatom Assemblages
In the modern samples, lakes along the North Shore in the Northern Lakes
and Forest Region (Table 2) are dominated by Fragilaria construens var. venter,
and Aulacoseira ambigua that are commonly found in oligotrophic to
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Figure 2. Canonical Correspondence Analysis of the fifty-five study lakes with forward selection of environmental
variables. Lakes are coded by ecoregion.
mesotrophic waters (Reavie et aI., 1995b). Lakes within Voyageurs National Park
are dominated by Asterionellaformosa, Cyclotella stelligera, and Tabellaria
flocculosa; these diatoms have TP optima that are characteristic of mesotrophic
systems (Hall and Smol, 1992; Reavie, et aI., 1995a). The four lakes within the
Superior National Forest are dominated by a combination of species found in both
the North Shore and Voyageurs National Park areas. Fragilaria crotonenis is a
dominant species in four <;>f the five lakes clustered near Grand Rapids and is not
dominant in other Northern Lakes and Forests lakes. This diatom is often
associated with nutrient enrichment in lakes of low to moderate alkalinity
(Bradbury, 1975; Brugam, 1979).
In the Metro region, many of the modem samples are dominated by small
Stephanodiscus species, which are known to have high phosphorus requirements
(Bradbury, 1975; Fritz et aI., 1993; Bennion, et aI., 1996). In the lakes within 10
km of the center of Minneapolis or St. Paul (Table 2), Stephanodiscus parvus
makes up at least 30% of the count of six of these lakes. Most of the lakes in the
rural part of this region are dominated by Asterionella formosa, Fragilaria
crotonensis, and Cyclotella bodanica var.lemanica.
In the Com Belt Plains ecoregion, and the agricultural lakes in the
hardwood forests region (Table 2), samples are dominated by Aulacoseira
ambigua, and small Stephanodiscus species, which have medium to high
phosphorus requirements (Hall and Smol, 1992; Reavie et aI., 1995a). One of the
lakes in this region has a high percentage of Fragilaria crotonensis. The lakes
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that are in the more forested areas of the Hardwood Forests region are dominated
by Fragilaria crotonensis, although two also have high percentages of
Stephanodiscus minutulus.
Pre-Settlement Diatom Assemblages
In the core sections, lakes adjacent to lake Superior (along the North
Shore) in the Northern Lakes and Forest region (Table 2) are dominated by
Aulacoseira ambigua and Cyclotella pseudostelligera.' Fragilaria construens var.
venter, which was abundant in the modern samples from this region, is less
prevalent downcore. Lakes within Voyageurs National Park have a similar
species assemblage to the modern samples, with the exception of Cyclotella
stelligera, which is much less prevalent in the core sections. In the five lakes
clustered near Grand Rapids, Fragilaria crotonensis is dominant in two pre-
settlement core sections, as compared to four lakes in the modern samples. In
Loon Lake in the Grand Rapids area, Stephanodiscus minutulus makes up 21 % of
the diatom assemblage in the 1800 core sections; in the 1750 core section of Long
Lake from'this same area, this diatom makes up 10% of the diatom count. These
are the only two sections in which Stephanodiscus is a significant portion of the
diatom assemblage in the Northern Lakes and Forests ecoregion.
In the eleven urban lakes in the Metro region, small Stephanodiscus
species are much less prevalent in pre-settlement samples. In the nine lakes more
distant from the urban core, the species assemblages are dominated by
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Aulacoseira ambigua, Fragilaria brevistriata, and Fragilaria construens var.
venter.
The 1800 and 1750 core sections of lakes in the Com Belt Plains are
dominated by Aulacoseira ambigua, Aulacoseira granulata, and small
Stephanodiscus species.
Lakes in the currently agricultural regions of the Hardwood Forests
ecoregion are dominated in pre-settlement times by small Stephanodiscus species,
Fragilaria construens var. venter, and Fragilaria pinnata. In the forested part of
this ecoregion, Fragilaria construens var. venter is present in the majority of the
lakes. Other common diatoms in pre-settlement levels include, Cyclotella
bodanica var. lemanica, Aulacoseira ambigua, and Aulacoseira granulata.
Pre-Settlement Reconstructions
Reconstructions were made for five water-chemistry variables that are of
limnological interest (CI, ANC, Color, TP, and pH). Figures 3 and 4 are the
results for the reconstruction of the 1800 and 1750 core sections, expressed as the
change from 1800 (or 1750) to the present. With the exception of ANC, the
reconstructions were based on log-transformed data. Thus, the changes shown are
log minus log values, which is an expression of the ratio of change. Figures 5 and
6 are the change from 1800 (or 1750) to the present, expressed as back-
transformed values, for the variables that were log-transformed (CI, Color, and
TP). The lakes that are starred are those that have a significant ratio of change
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Figure 3. Results of the diatom-based reconstruction of log Cl, ANC, pH, log Color, and log TP for fifty-two of
the study lakes. The lakes are grouped by ecoregion, and the results are expressed as the change from 1800 to
the present. The vertical lines represent +/- the root mean square error of prediction (RMSEP). Asterisks
indicate a change that is greater than the RMSEP.
,.
*0.6-0.2 0 0.2
log TP
*
-<l.6
*
* i
*
*
-0.6 -0.2 0 0.2 0.6
-,
*
1000 2000
*
Change from 1750 to the Present
ANC (meq/l) pH log Color
-1000
log CI
County Lake -,
Metro Washington Tanners
Washington C"",er
Washington Elmo
WashillQton Square
Washington L.Camoilan
Dakota Dld<man
Dakota Marcott
Dakota S","""
""msey Johanna
Ramsey Turtle
Ramsey Owo...
""msev McCarronsRamsey GaNal,
Heooepln Calhoun
*Hennepin Hamel
Hel\l'18pln Little Long
Hennepin Twin
NL&F Itasca (GR) Forsythe
Itasca (GR) Snails
Itasca (GR) Long
Itasca (GR) Loon
Itasca (GR) Little Bass
Cook INS) Dyer>
V1 lake (NS) Tettegouche
.j>. Lake (NS) Nipisiqult
lake (NS) Wott
Lake (NS) Bear
Lake (NS) Bean
Lake (SNF) Ninemile
Lake (SNF) 'Nilson
lake (SNF) WIndy
Lake (SNF) August
Stlouis (VNP) Shoepack
SI. Louis (VNP) UtUeTrout
SI. louis (VNP) locator
SI. Louis (VNP) Lalen
S1. Louis (VNP) Tooth
HF Steams (For) Kreighle
Kandyohl (For) Gao.-go
Kandyohi (For) Long
Kandyohl (FOf) Hender.wn
Kandyohl (Ag) Diamond
Mcleod (Ag) Hook
Mdeod lAg) Slahl
Meeker lAg) Dunns
Meek« (Ag) RJchardson
CBP Jod<son Fish
Faribault Bass
Blue Earth Duck
Blue Earth Goo.-g"
Steele Beaver
Figure 4. Results of the diatom-based reconstruction of log CI, ANC, pH, log Color, and log TP for fifty-one
of the study lakes. The lakes are grouped by ecoregion, and the results are expressed as the change from 1750
to the present. The vertical lines represent +/- the root mean square error ofprediction (RMSEP). Asterisks
indicate a change that is greater than the RMSEP.
Change from 1800 to the Present
Color (Pt-Co) TP (mg/l)
0.060.04
*
*
0,02
: ~ *
r *
I :...
i 1*
-0.02
*c:=;::::f
40 60 80 10020
I 1*I
1=2 1*
-40150 200
*
11III--*
b:~ *
CI (mg/l)
County Lake -100 -so
Metro Wash!ngton Tanners
Washongton Carver
Washington Elmo
Washington Square
Washington L. Carnelian
Dakota Dickman
Dakota Marcoll
Dakota Schultz
Ramsey Johanna
Ramsey Turtle
Ramsey Owasso
Ramsey McCarrons
Ramsey Gervais
Hennepin Calhoun
Hennepin Harriet
Hennepin Little Long
Hennepin Sweeney
"'"l ,..NL&F Itasca GR! ForsfsheItasca GR Snel sItasca GR Long
Itasca GR Loon
Itasca GR lillie Bass
Ul Cook ~S) Dyers
Ul Lake Sl Teltel/oucheLake NS Nipls,quit
Lake NS Wolf
Lake NS Bear
Lake NS Bean
Lake SN ! NinemileLake SNF Wilson
Lake SNF Windy
Lake SNF August
SI. Louis rPj Shoe~ackSt. Louis VNP Little rout
51. I.ouls NP Locator
51. Louis NP Loiten
51. Louis VNP Tooth
HF Sleams Q or) Kreighle
Kandyoh, rorl GeorgeKandyohi For Long
Kandyohi For Henderson
Kandyohi Ag) Diamond
Mcleod rg~ HookMcleod Ag Stahl
Meeker Ag Duons ~*Meeker Ag Richardson ICBP Jackson FishFaribault Bass
Blue Earlh Duck
Blue Earlh George
Steele Beaver
Figure 5. Results of the back-transformation ofCl, Color, and TP. The lakes are grouped by
ecoregion, and the results are expressed as the change from 1800 to the present. The model was
developed on log-transformed data, therefore lines representing the root mean square error of
prediction (RMSEP) are not shown. Asterisks indicate a change that is greater than the RMSEP.
CI (mg/l)
Change from 1750 to the Present
Color (Pt-Co) TP (mg/l)
0.080
*
*
*
0.040
*
---
*
-0.040
t-
6040 6020
r 1*I
I
.EJ 1*
* d
-40 M20
*
i *~-*
*
I '*I
County Lake -50 0 50 100 150 200
Metro Washington Tanners I • I
Washington Carvef
Washington Elmo
Washington Square
Washington L Camelian
Dakota Dickman
Dakota Marcott
Dakota Schultz
Ramsey Johanna
Ramsey Turtle
Ramsey Owasso
Ramsey McCarrons
Ramsey Gervais
Hennepin Calhoun
Heooep!n Harriet
Hennepin Uttle Long
Hennepin Twin
NL&F Itasca (GR) F""'ythe
Itasca (GR) SoeUs
Itasca (GR) Long
Itasca (GR) Loon
Itasca (GR) Uttle Bass
Cook (NS) Dyers
Lake (NS) Tettegouche
Lake (NS) Nipislqult
Lake eNS) Wolf
Lake eNS) Bear
Lake (NS) Bean
lake (SNF) Ninemile
Lake (SNF) Wilson
lake (SNF) Windy
lake (SNF) August
St Louis (VNP) Shoepack
51, Louis (VNP) Uttle Trout
S1, LouIs (VNP) Locator
5t Louis (VNP) Leiten
St, Louis (VNP) Tooth
HF Steams (For) Kraighla
Kandyohi (For) George
Kandyohi (For) Long
Kandyohi (For) Henderson
Kandyohi (Ag) Diamond
Mcleod (Ag) Hook
Mcleod (Ag) Slahl
Meeker (Ag) DUlVl5
Meeker (Ag) Richardson
CBP Jacl<son A'"
Faribault Bass
Blue Earth Duck
Blue Earth George.
Steele Beaver
Ul
0-
Figure 6. Results of the back-transformation ofCI, Color, and TP. The lakes are grouped by
ecoregion and the results are expressed as the change from 1750 tothe present. The model was
developed on log-transformed data, therefore lines representing the root mean square error of
prediction (RMSEP) are not shown. Asterisks indicate a change that is greater than the RMSEP.
based on our log-based error estimates. It is important to look at the magnitude of
change (Figures 5 and 6) for the log-transformed variables because some changes
may be important although significance has not been shown in terms of a ratio.
At least half of the lakes in the Metro region have increased significantly
in CI in both core sections (Figures 3 and 4). In the Hardwood Forest and Com
Belt Plains ecoregions, lakes either show an increase in CI or no significant
change, with the exception of one lake in the Hardwood Forest region, which
records a significant decrease in both core sections. Only a few lakes in the
Northern Lakes and Forest region record a significant ratio of change in Cl. In
fact, all of these lakes show very little to no change in CI since the time of
European settlement (Figures 5 and 6).
Lakes in the Northern Lakes and Forests ecoregion show either a decrease
in ANC or no significant change since 1800, although two of the lakes in this
region show an increase in ANC since 1750 (Figures 3 and 4). The majority of
lakes that showed a shift in ANC also record a significant change in pH. The two
lakes in this region that have shown an increase in both ANC and pH since 1750
are located near the city of Grand Rapids. In the other three regions the majority
of lakes record an increase in ANC; only three lakes show a decrease in either
core section. The majority of the lakes that show this increase in ANC also record
an increase in pH.
Only ten of the study lakes show a significant change in Color since 1800
(with similar results for 1750); regional trends in this variable are not apparent
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(Figures 3 and 4). No lakes in the Northern Lakes and Forests region show a
significant decrease in Color, and the majority do not record a significant change.
Total phosphorus shows the strongest regional patterns. Relative to the
modern samples, all of the samples in the Northern Lakes and Forests region
showed either a decrease or no significant change in reconstructed TP (Figures 3
and 5). In the other three regions, all of the lakes that recorded a significant
change showed an increase. The modern samples compared with the 1750
samples showed the same trends, with the exception of two samples in the Metro
region, which showed a significant decrease in modern relative to pre-settlement
TP (Figures 4 and 6).
Natural Variability in these Systems
.Prior to 1800, Minnesota had not been settled by Europeans, hence the
anthropogenic influence on lake systems was likely extremely low. Therefore, the
difference in water chemistry between 1750 and 1800 can be thought of as a
measure of natural variability in these systems. Figure 7 shows this natural
variability, expressed as the change from 1750 to 1800, in log units. Figure 8
represents the difference from 1750·to 1800 as back-transformed numbers for
variables that were reconstructed on log-based data. Again, the lakes that are
starred have a significant ratio of change from our log-based error estimates.
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Figure 8. Results of the back-transfonnation ofCI, Color, and TP. The lakes are grouped by
ecoregion and the results are expressed as the change from 1750 to 1800. The model was
developed on log-transfonned data, therefore lines representing the root mean square error of
prediction (RMSEP) are not shown. Asterisks indicate a change that is greater than the RMSEP.
Although only three lakes show a significant change in Clover this fifty-
year period, there are regional trends. Lakes in the Northern Lakes and Forests
ecoregion show the least amount of change in this ion, in terms of mg/l of CI
(Figure 8). Lakes in the other three regions show both increases and decreases in
this ion.
Only five of the study lakes show a significant change in ANC over this
time; four of them also recorded a shift in pH (Figure 7). There are no clear
regional trends in either of these variables. Only one lake records a significant
shift in Color, and there do not appear to be any regional trends in this variable
(Figures 7 and 8).
The most distinct changes over this time period are in TP, thirteen of the
lakes record significant shifts in this variable (Figures 7 and 8). However, there
are no apparent regional trends in TP over this fifty-year period.
Discussion
There are very few changes in the concentration of CI in lakes between
1750 and 1800; only three lakes record significant changes, none of which are in
the Metro region. However, from pre-settlement times to the present, over half of
the lakes in the Metro region record significant increases in CI, and none record
any decrease in Cl. The regional trends become even more apparent when the
magnitude of change is looked at in terms of mg/l of Cl. Any significant changes
in the Northern Lakes and Forests region were because the concentrations of this
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ion were extremely low to begin with, resulting in a significant ratio of change. It
is apparent that change has been confined to regions that have been affected by
urban and agricultural land-use practices.
CI is a conservative ion, and changes in concentration can result from
evaporative concentration or dilution driven by differences in precipitation
relative to evaporation. However, an increase in CI can also occur because of the
seepage of road salts into lake basins. Little natural variation occurs in CI in these
systems, although there are some regional trends. With one exception, lakes in
the Northern Lakes and Forests region show very little to no change in Cl. Here
precipitation generally exceeds evaporative losses, thus, the lakes are not as
sensitive to evaporative concentration. The plot of natural variation in the other
three ecoregions shows changes within the urban and agricultural regions that may
be caused by differential sensitivity to climate change, however, none of these
pre-settlement changes are directional. In contrast, since settlement, all of the
lakes in the Metro region (and to a lesser extent the agricultural regions) have
recorded increases in Cl. Therefore, it seems likely that this strong directional
signal between the modern and pre-settlement conditions is a result of the seepage
of road salts into the lakes.
Some regional trends in ANC and pH occur, although they are not as clear
as some other variables. The majority of decreases in ANC and pH since
settlement are in the Northern Lakes and Forests region. Because of the relatively
low amounts of limestone in this region, these lakes have a low buffering
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capacity, making them susceptible to acidification by acid rain. The two lakes in
this region that record a significant increase in pH since 1750 are near the city of
Grand Rapids and are situated on a more carbonate rich soil than the rest of the
lakes in this region. These trends, and the lack of regional trends from 1800 to
1750, suggest that acid rain may be having an effect on these northeastern lakes
with low buffering capacity. However, only three lakes in each core section
showed a significant decrease in pH since settlement.
Three lakes from the Northern Lakes and Forests Region (in St. Louis and
Lake Counties) were included in thePIRLA project (Paleoecological Investigation
of Recent Lake Acidification; Kingston et al., 1990). The results of this study
found either no significant change in diatom inferred pH since 1860 or a change
within 0.2 pH units.
Only 10 lakes have significantly changed in Color since 1800. There are
no clear regional trends except that the largest changes, in terms of change in Pt-
Co units, are in the Northern Lakes and Forest ecoregion. However, a similar
variability is seen between 1750 and 1800. This suggests that modem land-use
practices are not significantly altering the DOC content of these lakes, and that the
majority of variation is a result of natural variation within the watersheds.
Although there are some significant changes in TP between 1750 and
1800, there are no regional trends. This suggests natural shifts in trophic status in
these lakes, which occur without anthropogenic influences. However, from both
pre-settlement dates to the present there are very clear trends among ecoregions,
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especially in terms of change in mg/l of TP. Significant decreases in TP since
1800 occur in the Northern Lakes and Forests region, and significant increases
occur in the other three ecoregions.
A noticeable increase in small Stephanodiscus species, which have high
phosphorus optima (Bradbury, 1975; Fritz et aI., 1993; Bennion, et aI., 1996),
occurs in the post-settlement core sections of the Metro region. The decreases in
TP in the Northern Lakes and Forests region over time seem to be driven by
species such as Fragilaria construens var. venter and Cyclotella stelligera, which
are less abundant in the core sections and have phosphorus optima in the range of
0.012 to 0.013 mg/l (Reavie et aI., 1995a). Species that have higher phosphorus
optima, such as Aulacoseira ambigua and Tabellaria flocculosa (in the range of
0.018 to 0.022 mg/l; Reavie et aI., 1995a) are dominant species in the pre-
settlement core sections of the Northern Lakes and Forests region.
The clear trends among ecoregions since settlement (and the lack of those
trends from 1750 to 1800) are a.strong indication that modem land use practices
are having significant effects on the trophic status of these aquatic systems. If
agriculture and urban development did not have a large effect on these lakes, then
the changes in trophic status from pre-settlement to the present should not be so
clearly separated by regions with differing land use practices.
An estimate of TP concentrations before the onset of European settlement
is extremely helpful when trying to make lake-management decisions. For
example, many lakes in the Metro region have been the target of cleanup efforts
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over the past few decades. Of the five lakes in the Metro region (all of which
would be classified as eutrophic to hypereutrophic now) which showed a
significant increase in TP since 1800, three of them would have been classified as
eutrophic in 1800, based on these reconstructions. This is not to say that cleanup
efforts should not continue, but we should be aware of baseline conditions for
these lakes and use their natural trophic levels as management goals.
/
In terms of TP change in the Northern Lakes and Forests ecoregion, 13
lakes show significant declines in TP over time. This magnitude of change in TP
in the Northern Lakes and Forest region would suggest that 12 of these lakes were
eutrophic in 1800. It seems unlikely that TP has shown such a significant
decrease over time and unlikely that lakes would be naturally eutrophic in a region
with relatively thin soils. Therefore, it is more probable that in these northeastern
lakes, TP is a proxy for a shift in another variable that was not measured here.
Fritz et al. (1993) found recent declines in TP in four oligo/mesotrophic lakes in
Michigan to pre-settlement, or lower than, pre-settlement levels. They suggested
that the concentration of a micronutrient, such as Boron, which is required for
silica metabolism, may have driven the changes in species composition that
predicted a decline in TP. 9 of these 13 lakes showed significant declines in TP
from 1970 to the present; so, the majority of the decrease in TP in these lakes
seems to have occurred in recent.
This reconstructed decline in TP could be related to increases in
atmospheric nitrogen deposition. Jassby, et al. (1995) found that atmospheric
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deposition of N to Lake Tahoe has been increasing in recent years. This increase
in N has been large enough to shift nutrient limitations in Lake Tahoe from
colimitation by Nand P in the early 1980s to almost exclusive limitation by Pin
the 1990s. In the Northern Lakes and Forests region there could have been a
change in diatom species assemblages that was driven by a shift in nutrient
limitation. If this is the case, it may be the ratio of TPffN that is declining instead
of the absolute amount of phosphorus.
By reconstructing water-chemistry conditions prior to European settlement
in a suite of lakes in regions with different land use histories, it is possible to
begin to evaluate the amount of change that can be attributed to anthropogenic
influences. In order to make decisions regarding lake management and
restoration, it is critical to have an understanding of what the baseline conditions
of the target lakes were before significant anthropogenic impacts. It is also
important to have an understanding of to what degree the changes reflect natural
variability and how much, and what types of change, are actually related to current
land use practices. Overall, it seems that increases in CI and TP in the urban and
agricultural regions have been primarily due to human impacts. The seepage of
road salts into lake basins, the runoff of fertilizers frqm agricultural areas, and
inputs of municipal wastes could all cause increases in these two variables. In
terms of changes in ANC and pH, anthropogenic influences may be causing a
decline in regions with a naturally low buffering capacity. Color is the one
variable measured here that does not seem to have been significantly affected by
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current land-use practices and any fluctuation in Color since settlement appears to
be due to natural variation within the watersheds.
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